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NucLeaZ Studies of the Nuclear Light Bulb Rocket Engine 
Analy t ica l  s tud ies  were conducted t o  determine U-233 c r i t i c a l  mass requirements, 
neutron kinetic behavior, and neutron and gamma ray  hea t ing  ra tes  for  the  nuc lear  
l ight  bulb rocket  engine.  The nuc lear  l igh t  bu lb  i s  a multiple-cavity gaseous 
nuclear  rocket  engine in  which energy i s  t r ans fe r r ed   by   t he rma l . r ad ia t ion  from 
gaseous nuclear fuel through internally cooled transparent walls t o  seeded hydrogen 
propel lant .  The engine considered i n  t h i s  r e p o r t  employs seven separate cavities,  
each having a length of 6 f t  and an average diameter of 2.3 f t .  Beryllium oxide 
i s  employed between the  un i t  cav i t i e s ,  and  l aye r s  of Be0 and graphite surround 
the seven uni ts  to  provide neutron ref lect ion.  
The c r i t i ca l i t y  ana lys i s  a l lowed  the  e f f ec t s  of engine design changes on 
c r i t i c a l  mass t o  be invest igated.  Among the  f ac to r s  that were varied were t h e  t o t a l  
moderator mass, the amount of Be0 between un i t  cav i t i e s ,  t he  d i s t r ibu t ion  of moder- 
a t o r  mass, the amount of tungsten seed in  the hydrogen propellant,  and the amount 
of hafnium required to  shield the fuel  inject ion and recirculat ion system ducts .  
The analysis  a lso considered factors  affect ing the kinet ic  behavior  of a nuclear 
l ight  bulb engine.  The e f f e c t s  of va r i a t ions  in  fue l  r eg ion  r ad ius ,  mixed.-mean 
propellant temperature, nominal system operating temperature, system operating pres- 
sure,  and the proportion by weight of tungsten seed in  the hydrogen propellant were 
invest igated.  For one spec i f i c  nuc lea r  l i gh t  bulb engine  configuration, prompt 
neutron l i fe t ime w a s  calculated,  and comparisons of c r i t i c a l  masses were made f o r  
U-233,  U-235, and Pu-239. 
Nsutron kinetic equations were formulated which allowed for variable loss r a t e s  
of both nuclear  fuel  and delayed neutron precursors. Power l eve l  r e sponses  to  s t ep ,  
ramp, and  osc i l la tory  var ia t ions  in  both  reac t iv i ty  and  fue l  loss  r a t e  were obtained. 
Neutron and gamma ray  hea t ing  ra tes  were ca lcu la ted  for  a spec i f ic  nuc lear  l igh t  
bulb engine t o  provide information on requirements for cooling engine components and 
the location and design of heat exchangers. Radiation dose rates in the transparent 
wall mater ia ls  were calculated and compared with the dose rates  of v a r i o u s  t e s t  
r eac to r s .  Dosages i n  t h e  filament-wound f iberg las  pressure  vesse i  were also calcu-  
l a t ed  to  eva lua te  the  po ten t i a l  fo r  deg rada t ion  of pressure vessel  strength due t o  , 
r ad ia t ion  damage. 
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MAJOR RESULTS 
1. The t o t a l  c r i t i c a l  uranium-233 mass f o r  a l l  seven units of the  re ference  
engine employed i n  t h e  s t u d y  was determined t o  be 34.7 l b  on the  bas i s  of two- 
dimensional neutron diffusion theory and 30.9 l b  on t h e   b a s i s  of two-dimensional 
neutron transport  theory.  These values of c r i t i c a l  mass correspond t o  average fuel 
par t ia l  p ressures  in  the  fue l -conta inment  reg ion  of 200 and 175 atm, respect ively,  
for an average fuel temperature of 42,000 R and a fuel-region volume of 34% of  the 
cav i ty  volume. 
2. Power doubling  times of from 1 t o  20 sec were ca l cu la t ed  fo r  r ep resen ta t ive  
s t e p  and ramp changes i n  r e a c t i v i t y  and fuel decay constant.  However, the  cont ro l  
problem has not yet been analyzed t o  determine i f  some con t ro l  o the r  t han  tha t  of 
f u e l  flow w i l l  be required to maintain constant engine power. 
3. The d i s t r i b u t i o n  of  power depos i ted  in  var ious  components f o r  a t o t a l  
engine power of 4600 megw and an average fuel residence t ime of 20 sec was calcu- 
lated t o  be as follows: fuel region, 4131.6 megw; moderator region, 210.6 megw; 
heat exchanger region, 144 megw; hot gas region between fuel and cavity walls, 
74.9 megw ( including 58.7 megw i n  t h e  hydrogen propel lant) ;  pressure shel l ,  17.4 
megw; and leakage out of reactor,  21.5 megw. 
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Cr i t i ca l i t y   Ca lcu la t ions  
1. The fol lowing resul ts  were  determined on the  basis  of  two-dimensional 
neutron  diffusion  theory  calculat ions : 
a. A U-233 c r i t i c a l  mass of 34.7. l b  was determined for the reference 
engine, corresponding t o   a n  ave rage  fue l  pa r t i a l  p re s su re  in  the  
fuel-containment region of 200 a t m .  
b .  The  optimum f rac t ion  of radial moderator t o  t o t a l  moderator mass ( the  
r a t i o  of moderator mass sur rounding  the  uni t  cav i t ies  to  the  to ta l  
moderator mass surrounding the cavities and i n   t h e  end walls) was 
found t o  be 0.5; t h i s   r e s u l t e d   i n  minimum c r i t i c a l  mass f o r  t h e  
reference engine. 
c .  The  U-233 c r i t i c a l  mass increased  essent ia l ly  l inear ly  wi th  increase  
in  e f fec t ive  nozz le  throa t  a rea  for  the  re ference  engine .  The r a t i o  
of f r a c t i o n a l  f u e l  mass change t o  f r a c t i o n a l  change i n  e f f e c t i v e  
nozzle  throat  area was (AM&)/(A+/% ) = W.156. 
0 
d .  Inclusion of tungsten seed a t  4% by  weight i n  t h e  hydrogen propel lant  
i n c r e a s e d   c r i t i c a l  mass by  only 0.09 l b  . 
e .  Reduction of hafnium i n  t h e  upper  end walls by a f ac to r  of one-half 
dec reased  c r i t i ca l  mass by only 0.36 lb.  
f .  A pos i ' c ive  reac t iv i ty  coef f ic ien t  resu l ted  from  an  increase  in 
nominal operat ing pressure.  
g. A small nega t ive  reac t iv i ty  coef f ic ien t  resu l ted  from an  increase  in  
the  amount of tungsten seed in  the hydrogen propel lant .  
h.  Prompt neutron  l ifetime  for  the  reference  engine was c a l c u l a t e d  t o  
be 0.516 msec. 
2. The fol lowing resul ts  were determined on the  basis of  one-dimensional 
neutron  t ransport   theory  calculat ions : 
a. The  optimum internal  moderat ion fract ion for  the reference engine was 
0.19, but  due to  cons ide ra t ions  of f l a t t e n i n g  power density,  an 
internal moderation fraction of 0.14 was chosen for  the reference 
engine. 
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b .  Pos i t i ve  r eac t iv i ty  coe f f i c i en t s  r e su l t ed  from  increases   in  nominal 
operating temperature and mixed-mean propellant temperature. 
c .  A negat ive react ivi ty  coeff ic ient  resul ted from an increase in  fuel  
radius  when the fuel  c loud radius  was changed while chamber pressure 
and U-233 mass remained constant. 
d .  C r i t i c a l  masses using U-235 and PU-239 in  the reference engine were 
50.4 and 46.0 l b ,  respect ively,  compared with 34.7 l b  f o r  U-233. 
3. The fol lowing resul t  was determined  on the  basis of  two-dimensional  neutron 
t ranspor t  theory  ca lcu la t ions :  
a. A U-233 c r i t i c a l  mass of 30.9 l b  was determined for the reference 
engine, which i s  11.0% less  than that  calculated using two-dimensional  
diffusion theory.  This  compares t o  a U-233 c r i t i c a l  mass of 43.5 l b  
for  an  ear l ie r  re ference  engine  wi th  subs tan t ia l ly  grea te r  amounts 
of neutron-absorbing structural materials i n   t h e  end walls and nozzle 
approach regions. The c r i t i c a l  mass of 30.9 lb corresponds t o  an 
average  fue l  par t ia l  p ressure  of 175 a t m  in  the fuel-containment  
region. 
Nuclear Kinetics Studies 
1. Step  and ramp v a r i a t i o n s  i n  r e a c t i v i t y  and f u e l  decay constant (the 
inverse of average fuel residence time) were s tudied using the neutron kinet ic  
equations with the following responses in engine power l e v e l :  
a .  For an average fuel residence time of  20.0  see  (fuel  decay  constant 
of 0.05 sec-l) and a prompt neutron l i fe t ime of 5 x 10-4 sec,  power 
level doubling t imes for step and ramp inse r t ions  of r e a c t i v i t y  of 
0.20Pand 0.20P (t-to) and f o r  s t e p  and ramp changes of fuel decay 
constant of -0.011 and -0.01 XF (t-to) sec-1 were of  the  order 
of 2.0 t o  4.0 sec. FO 0 
b. The e f f e c t  of changing f u e l  decay  constant t o  0.0 see‘’ ( i n f i n i t e  
average fuel residence t ime) w a s  t o  i n c r e a s e  power level doubling 
t ime for the step and ramp inse r t ions  of r eac t iv i ty  used  in  (a )  
above t o  t h e  o r d e r  of 1 5 . 0   t o  20.0 sec.  
c .   Var ia t ions   in  prompt neutron  l i fe t ime from t o  3 x 10-3 sec 
(more than an order of magnitude) caused increases in power l e v e l  
doubling times by f ac to r s  of 2.0 t o  3 .0  for  the s tep and ramp 
v a r i a t i o n s  i n  r e a c t i v i t y  and f u e l  decay constant used i n  ( a ) .  
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d .  Var i a t ions  in  the  in i t i a l  va lue  of fuel decay constant from 0.02 t o  
1.0 see'' caused a decrease in  power level doubling times by a 
factor of about 5.0 f o r . t h e  ramp var ia t ions  in  fue l  decay  cons tan t  
used i n  (a) .  
2. O s c i l l a t o r y  v a r i a t i o n s  i n  r e a c t i v i t y  and fuel decay constant were s tudied 
using the neutron kinet ic  equat ions with the fol lowing responses  in  neutron level :  
a. The ga in  in  dec ibe l s  i n  the  ampl i tude  of  neutron level  osci l la t ions 
r e l a t i v e  t o  the  ampl i tude  of  osc i l la t ions  in  reac t iv i ty ,  
20 log lO~n/no) /  ( S  , was about 83 db for   f requencies  below 
3 rad/sec and at a rate of 20 db/decade for   f equencies  above 
about 3 rad/sec. Fuel decay constant was 0.05 sec-l  and prompt 
neutron l i fe t ime w a s  5 x lom4 sec for  these cases .  
b .  The ga in  in  dec ibe ls  in  the  ampl i tude  of  neut ron  leve l  osc i l la t ions  
re la t ive  to  the  ampl i tude  of osc i l la t ions  in  fue l  decay  cons tan t ,  
20 loglO[(nn/no) hF/XFo)l , was about 32 db at 0 . 3  rad/sec , decreased 
a t  a r a t e  of 40 db/decade for  f requencies  above 3 rad/sec. Fuel 
decay constant w a s  0.05 sec-1 and prompt neutron l i fe t ime was 
5 x sec  for  these  cases .  
c. The phase  difference  between  neutron  level  oscil lations  and  reactivity 
osci l la t ions reached a minimum of -30 deg a t  about 0 .5  rad/sec and 
approached an asymptotic value of -90 deg  above 50 rad/sec.  The 
phase difference between neutron level oscil lations and fuel decay 
cons tan t  osc i l la t ions  was about -110 deg a t  frequencies below 0.3 
rad/sec and approached an asymptotic value of -180 deg above 50 rad/ 
sec.  The l a t t e r  180 deg phase difference is not expected t o  cause 
i n s t a b i l i t i e s  because gain i s  of the order  of -40 db at 50 rad/sec.  
Fuel decay constant was 0.05 sec- l  and prompt neutron l ifetime was 
5 x sec  for  these  cases .  
d. The p r inc ipa l  e f f ec t  of  changing  the  value  of i n i t i a l  f u e l  decay 
constant from 0.05 t o  0.5 see'' was to  inc rease  ga in  in  neu t ron  f lux  
l eve l  r e sponse  to  bo th  r eac t iv i ty  and fuel  decay constant  osci l la t ions 
by about 20 db over a l l  frequencies.  
Neutron and Gamma Ray Heating 
1. The fol lowing resul ts  were  determined on the  basis of .detailed neutron 
and gamma ray   hea t ing   ca lcu la t ions :  
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a.  The f i ss ion  f ragment  and  be ta  energy  re lease  ra tes  in  the  fue l  reg ions  
were e s t i m t e d   t o   b e  4036, 4131.6, and 4147.6 megw while the neutron 
and gamma ray  energy  re lease  ra tes  in  the  ac t ive  core  were estimated 
t o  be 296, 325, and 342 megw for  average fuel  res idence times of 
1.0, 20, and 60 see,  respectively.  Correspondingly,  the rate of 
energy release from delayed beta particles and gamma r a y s   i n   t h e  
fuel  separat ion and recirculat ion system was es t ima ted .  t o  be 268, 
143, and 110 megw for average fuel residence t imes of 1.0, 20, and 
60 sec,  respect ively.  For purposes  of t h i s  study, it was assumed 
t h a t  a l l  of the  energy  re leased  in  the  fue l  separa t ion  and  rec i rcu la-  
t ion system was absorbed by the heavy metals i n   t h e   t u r b i n e  , pumps, 
plumbing, heat exchangers, and support structure in the upper dome 
of the pressure vessel .  
b .  The d i s t r i b u t i o n  of power depos i ted  in  var ious  components f o r  a 
t o t a l  engine power of 4600 megw and an average fuel residence time 
of 20 sec was c a l c u l a t e d  t o  be as fol lows:  fuel  region,  4131.6 megw; 
moderator region, 210.6 megw; heat exchanger region, 144 megw; hot 
gas region between fuel and cavity walls, 74.9 megw ( including 58.7 
megw i n  t h e  hydrogen propel lant) ;  pressure shel l ,  17.4 megw; and 
leakage out of reactor,  21.5 megw. 
Direct  heat ing of hydrogen propel lant  located between the  fue l  reg ions  
and cav i ty  walls by neutron energy degradation was c a l c u l a t e d   t o  be 
54.3 megw. 
d. The r a t e  of  energy  leakage  from  the  entire  system was c a l c u l a t e d  t o  
be 6.2 megw for neutrons and 13.2, 15.3, and 16.6 megw f o r  gamma rays 
for  average fuel  res idence t imes of 1.0, 20, and 60 sec,  respect ively.  
e .  The average  dose  rate  in  the  filament-wound f iberglas   pressure 
vesse l  was c a l c u l a t e d  t o  be 0.17 mrad/sec. This would allow about 
six full-power runs of 1000-see durat ion before  the total  dose 
became 1000 mad, the estimated allowable dosage before degradation 
of the  laminate  strength commences.  However, ho t  spots ,  par t icu lar ly  
i n  t h e  lower pressure vesse1,with dose rates as high as 3.69 mrad/sec 
were calculated.  This  indicates  a need fo r  fu r the r  i nves t iga t ion  and 
the possible  inclusion of a heat  shield across  the inner  wall of the  
lower pressure vessel .  
f .  Secondary sources due to  thermal  neutron capture  , (n,  Y ) react ions,  
in  the  pressure  vesse l  cont r ibu te  a gamma source equal t o  about 
16.5 percent of the  energy  depos i t ion  ra te  in  the  pressure  vesse l  
due to  f i s s ion  neu t rons  and gama rays .  In  all other regions,  
secondary source strengths amount t o   l e s s   t h a n  5 percent of t h e  
t o t a l  energy deposit ion rate.  
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INTRODUCTION 
An experimental  and theoretical  investigation of gaseous nuclear rocket tech- 
nology i s  being conducted by the United Aircraft Research Laboratories under Contract 
IWVI-847 administered by the joint  AEC-NASA Space Nuclear Propulsion Office. These 
invest igat ions  are   directed  pr imari ly   toward  determining  the  feasibi l i ty   of   the  
closed-cycle,  vortex-stabil ized, nuclear l ight bulb engine concept shown i n  Fig. 1. 
The engine employs seven separate unit cavities. In each cavity, energy i s  
t r a n s f e r r e d   t o  seeded hydrogen propellant by thermal radiation from gaseous nuclear 
f u e l  suspended i n  a neon vortex. The vortex and propel lant  regions are  separated 
by an internal ly  cooled t ransparent  ial l .  Neon i s  in j ec t ed  to  d r ive  the  vo r t ex ,  
passes  axial ly  toward the end walls, and i s  removed through a por t  at the  center  
of one or both end walls. The r e s u l t i n g  f l u i d  dynamic configuration is  re fe r r ed  
t o  as a "radial-inflow" vortex. The neon discharging from the cavity, along with 
any entrained fuel and fission products,  i s  cooled by mixing with low-temperature 
neon, thus causing condensat ion of  the nuclear  fuel  into l iquid form. The l i q u i d  
f u e l  i s  centrifugally separated from the neon and pumped back  into  the  vortex 
region. The neon is  further cooled and pumped back to  dr ive  the  vor tex .  Fur ther  
d e t a i l s  of the design of  the nuclear  l ight  bulb engine are  presented in  Ref .  1. 
The ana ly t i ca l  s tud ie s  of the present  invest igat ion are  divided into three 
categories : (1) c r i t i c a l i t y  c a l c u l a t i o n s  , (2) nuclear kinetics studies,  and 
(3) neutron and gamma ray  heat ing  calculat ions.  
Cr i t i ca l i t y   Ca lcu la t ions  
I n i t i a l   c r i t i c a l i t y   c a l c u l a t i o n s   f o r   t h e   n u c l e a r   l i g h t  bulb engine were reported 
i n  Ref. 2. One of the conclusions vas that c r i t i c a l  mass, could be reduced sub- 
s t a n t i a l l y   b y  a reduct ion   in   the  amount of neutron-absorbing materials i n   t h e  end 
1 ~ ~ 1 1 s  and nozzle regions. Redesign of the nozzles and end walls was undertaken i n  
the present study to eliminate wherever possible these neutron-absorbing structural  
mater ia ls .  The primary objectives of the present investigation were (1) t o  e v a l u a t e  
t h e  e f f e c t s  on U-233 c r i t i c a l  mass of possible variations in engine design such as 
v a r i a t i o n s   i n   t h e   t o t a l  mass and d i s t r i b u t i o n  of moderator materials, variations 
I n   t h e   e r h u s t   n o z z l e  throat area ,  and  var ia t ions  in  the  amounts of neutron poisons 
i n  t h e  p r o p e l l a n t  and moderator regions, (2) t o  e v a l u a t e  f a c t o r s  a f f e c t i n g  t h e  
dynamics of a nuclear l ight bulb engine such as prompt neut ron  l i fe t ime,  var ia t ions  
i n  nominal operating temperature and pressure,  variations in fuel region radius,  and 
f l u c t u a t i o n s  i n  f u e l  and propel lant  seed inject ion rates ,  and (3)  to  compare c r i t i c a l  
mass requirements using U-233 t o   t h e   c r i t i c a l  masses required for U-235 and Pu-239 
i n  a reference nuclear  l ight  bulb engine.  
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Nuclear Kinetics Studies 
In a nuclear  l ight  bulb engine,  nuclear  fuel  i s  injected cont inuously into the 
act ive core volume. Experimental  results from constant-temperature gas vortex tests 
indicate  that  the average residence t ime of nuc lea r  fue l  i n  a full-scale engine 
would probably be on the order of 20 see. If t h i s  i s  the case , then delayed neutron 
precursors which emit delayed neutrons at t ime periods greater than 20 s e c   a f t e r  
the  f i ss ion  event  would, on the average, contribute no neutrons t o  t h e  a c t i v e  
volume of the  reac tor  core .  This  s i tua t ion  i s  qui te  similar t o  that f o r  c i r c u l a t i n g  
fuel  reactors ;  the important  difference i s  that  compressible  gases  are  employed i n  
the nuclear light bulb engine, whereas in  c i r cu la t ing  fue l  r eac to r s  t he  fue l  so lu t ion  
is  an incompressible l iquid.  Thus, i n  t he  nuc lea r  l i gh t  bu lb  eng ine  it i s  possible 
t o  have f l u c t u a t i o n s   i n   t o t a l   f u e l   l o a d i n g  which r e s u l t  from f l u i d  dynamic f luctua-  
t i o n s  i n  t h e  heavy-gas residence time. Both the fraction of delayed neutrons which 
are l o s t  from the active core and the total  mass of nuclear fuel within the active 
core may vary with t ime.  These are  pr imry comiderat ions in  the overal l  control  
of the engine. 
The primary objectives of the  nuc lear  k ine t ics  s tud ies  were (1) t o  formulate 
the neutron kinet ics  equat ions for  a nuclear  l ight  bulb engine with var iable  loss  
r a t e s  of nuclear fuel and delayed neutron precursors, (2) t o  o b t a i n  s o l u t i o n s  t o  
these equations t o  determine responses t o  s t e p ,  ramp, and o s c i l l a t o r y  v a r i a t i o n s  of 
bo th  r eac t iv i ty  and f u e l  loss  rate,  and (3) to  r e l a t e  t hese  r e sponses  to  known pro- 
pe r t i e s  a f f ec t ing  the  dynamics of a nuclear light bulb engine such as t h e  r e a c t i v i t y  
variations associated with changes in pressure,  temperature,  fuel region radius,  
nuclear fuel loading, and propellant seeding concentrations.  
Neutron and Gamma Ray Heating Calculations 
The r a t i o  of beryllium oxide to  graphi te  modera tor  weight  chosen  for  c r i t i ca l i ty  
calculat ions was based on simplified one-dimensional heat balance calculations. 
It was assumed that  neutron and gamma energy deposition was constant  in  the inner  
Be0 regions and dropped off exponentially i n   t h e   e x t e r n a l  Be0 and graphite regions. 
Coolant circuit  pressure drops,  temperatures,  and flow ra tes  repor ted  in  Ref .  1 
were also based on these assumptions for neutron and gamma energy deposition. In  
addi t ion,  s tudies  of fiber-wound pressure vessels reported in Ref.  1 indica ted  tha t  
the  nuc lear  rad ia t ion  leve ls  in  the  pressure  vesse l  of a nuclear l ight bulb engine 
could potent ia l ly  degrade the s t rength of a fiberglas laminate.  Finally,  since 
experimental measurements of t h e  e f f e c t s  of r ad ia t ion  damage on the t ransmissivi ty  
of t ransparent  w a l l  m t e r i a l s  have been performed and are being continued, it i s  
d e s i r a b l e  t o  make comparisons of the radiation environments of t he  fu l l - s ca l e  
nuclear l ight bulb engine and the various experimental  radiation sources.  Thus, 
it i s  necessary t o  perform detai led calculat ions of the neutron and gamma ray  heat-  
i n g   i n  a l l  regions of a reference nuclear  l ight  bulb engine.  
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Neutron and gamma ray  heat ing  calculat ions were undertaken for a reference 
nuc lea r   l i gh t  bulb configuration with the object ives  (1) t o  provide neutron and 
gamma ray heat ing est imates  so that coolant circuit  pressure,  temperature,  and flow 
conditions can be checked and adjusted where necessary, (2) t o  provide estimates of 
neutron and gamma r a y  dose r a t e s  and dosages i n  the t ransparent  walls and t o  compare 
these with the radiation environments employed for past  and present experimental  
measurements of t h e  e f f e c t s  of r ad ia t ion  on transparent materials,  and (3) t o  provide 
an estimate of the radiation dosages deposited in the fiber-wound pressure vessel  
of a full-scale engine and t o  evaluate the   po ten t ia l   for   degrada t ion  of pressure 
vessel  s t rength &ue t o   r a d i a t i o n  damage. 
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CRITICALITY CALCuylTIONS 
Review of Previous Studies 
I n i t i a l   c r i t i c a l i t y   c a l c u l a t i o n s  were repor ted  in  Ref .  2  for  the  nuc lear  l igh t  
bulb engine. A U-233 c r i t i c a l  mass of 43.5 l b  was determined f o r  a reference engine 
on the  bas i s  of two-dimensional neutron transport theory. It was concluded t h a t  
t h i s   c r i t i c a l  mass could be reduced substantially be reduction of the amount of 
neu t ron   abso rb ing   mte r i a l s   i n   t he  end walls and by optimization of the amount of 
moderator material  located in the end w a l l s  and between the seven unit cavities. 
These factors  provided the motivat ion for  s tudies  of t h e   e f f e c t s  of possible varia- 
t ions  in  engine  des ign  on U-233 c r i t i c a l  mass. 
Description of Reference Engine Configuration 
A side-view sketch of the reference nuclear l ight bulb engine is  shown i n  
Fig. 1, and a cross-sect ional  view showing d e t a i l s  of t h e  u n i t  c e l l s  i s  given i n  
Fig. 2. The gene ra l  cha rac t e r i s t i c s  of the reference engine are as follows: 
1. There a re  seven  separa te  uni t  cav i t ies  o r  cells  with moderator material  
located between the cavities and surrounding the assembly of c a v i t i e s .  
2. The length of each cavi ty  is  6 f t  and the average diameter i s  about 2.3 f t ;  
hence, the volume of a l l  seven  cavi t ies  is 169.8 f t 3  ( e q u a l  t o  t h e  volume of a s ingle  
cavity having a diameter of 6 f t  and a length of 6 f t )  . 
3. The vortex volume ( the  volume within the t ransparent  walls) for  the seven 
. c a v i t i e s  is  equal t o  h a l f  of t h e  t o t a l  c a v i t y  volume, o r  84.9 ft3. 
4. The cavity  operating  pressure i s  500 a t m .  
5.  The radius  of the fuel-containment region i s  assumed t o  be 85% of t h e  
radius of the t ransparent  wall. 
6. The fuel  radiat ing temperature  i s  assumed t o  be 15,000 R. 
7. The propellant exit  temperature is  assumed t o  be 80$ of  the fuel  radiat- 
ing temperature, or 12,000 R. 
A fuel   radiat ing  temperature  of 15,000 R produces a black body hea t   f l ux  at the 
outside edge of the fuel-containment region of 24,300 Btu/sec-ft2 which, for the 
t o t a l  s u r f a c e  a r e a  of the seven fuel-containment regions (179.8 f t 2 ) ,  produces a 
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r ,  
t o t a l  power of 4.37 x 10 Btu/sec or 4600 megw.  The engine s ize  and radiat ing 
temperature chosen provide an engine power approximately equal t o  tha t  cons ide red  
f o r  advanced solid-core nuclear rockets.  
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Approximately 15% of the  to t a l  f i s s ion  ene rgy  c rea t ed  is  dissipated by (1) 
energy deposition by neutrons and gamma rays in  the moderator  mater ia ls ,  (2) en t r a in -  
ment i n   f u e l  and neon separat ion and recirculat ion system, (3)  convective heat trans- 
f e r   t o   t h e   c a v i t y  walls by the hot hydrogen propellant, and (4)  leakage of a small 
mount  of energy from the engine boundaries. The hydrogen propel lant  must remove 
the heat  from the moderator and recirculation system before injection into the 
cavity. Therefore, it i s  assumed t h a t  t h e  hydrogen in le t  en tha lpy  must .be about 
15% of the  hydrogen ex i t  en tha lpy ,  o r  15,500 Btu/lb, corresponding t o  a hydrogen 
inlet  temperature  of 4050 R .  Tungsten particles are used (about 4% by weight) t o  
seed the hydrogen p rope l l an t  t o  make it s u f f i c i e n t l y  opaque to  a l low only  2% of the 
radiated energy t o  reach the cavi ty  walls. 
The bas ic  cy l indr ica l  geometry used for  nuclear  calculat ions i s  shown i n  Fig. 3. 
The compositions of the various regions and total weights of materials employed i n  
the reference engine are  given in  Tables  I and 11. The t o t a l  weight of the engine 
i n  Table 11, 72,407 l b  i s  6.5 percent less than the weight of the engine when the  
mid-section i s  tapered and end walls a r e  rounded as in  F ig .  1. By comparison, t he  
reference engine described in Ref.  1 weighed 7O,OOO l b .  The regions denoted as hot 
gases include hydrogen propellant,  hydrogen and neon a t  lower temperatures t o  
s imulate  re la t ively cool  boundary layers  ad jacent  to  the  t ransparent  walls, the 
t ransparent  walls (Si02) a t  2000 R, and the  cav i ty  l i ne r  t ubes  at 1360 R .  The 
c a v i t y  l i n e a r  i s  made of internally cooled beryll ium tubes coated with aluminum t o  
provide high ref lect ivi ty  for  the incident  thermal  radiat ion.  A l l  of these mater ia ls ,  
inc luding  the  cavi ty  l iner ,  a re  homogenized i n t o  a single hot gas region for the 
nuclear  calculat ions in  order  to  conserve mesh points  and computation time. 
Additional regions which were homogenized t o  reduce computation time i n  two- 
dimensional calculations include the pump, heat exchanger, and plumbing region above 
the upper end walls; the upper and lower end Fialls; and the  fiber-wound pressure 
vessel .  Region 2 in  F ig .  3 a l so  con ta ins  s t ee l  s t ruc tu re  to  he lp  ca r ry  g rav i t a t iona l  
loads on the reactor  core .  Unoccupied portions of region 2 are  pressurized with 
hydrogen a t  500 a t m .  The graphite and Be0 upper end walls (regions 3 and 4 i n  
Fig. 3, respect ively)  contain manifolds  for  coolant  and propel lant  plus  hafnium- 
sh ie lded   fue l   in jec t ion  and recirculat ion  system  ducts .  Hafnium i s  employed t o  
sh i e ld  the  fue l  i n  the  duc t s  from the high thermal neutron fluxes in these regions,  
thereby preventing excessive localized heating. The hafnium wall thicknesses  for  
the ducts were chosen on the basis  of  previously reported calculat ions (Ref .  3 ) .  
The  Be0 and graphite lower end walls (regions 14 and 1 5  in  F ig .  3) contain the same 
mater ia ls  as the  rad ia l  ou ter  Be0 and outer graphite (regions 11 and 12) with a 
10% r educ t ion  in  volume f r a c t i o n  of so l id  mater ia l  to  a l low for  mani fo lds  for  
collecting and turning moderator coolant f low. 
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It should be noted that  the sect ional  view i n  Fig. 1 shows s ix  nozzles .  This  
r e s u l t s  from a design which employs four nozzles per unit c a v i t y  so t h a t  no struc- 
tural g r i d  i s  required to  support  the bases  of  the t ransparent  walls. Instead, 
loading support i s  supplied by the pressure vessel. . The configuration shown i n  
Fig. 3 employs only one central  and one annular nozzle t o  reduce the geometric 
complexity of the end walls and thereby reduce the nurdber of mesh points required . 
t o  desc r ibe  the  r ad ia l  geometry. 
Approximately 5% of a l l  moderator volume i s  devoted t o  small-diameter passages 
containing hydrogen coolant a t  500 a t m .  Hydrogen i s  a l so  present  a t  a pressure of 
250 atm and a t  a volume f r a c t i o n  of 0.20 between two l aye r s  of the fiber-wound pres- 
sure  vessel  to  provide internal  cool ing.  The Be0 associated with each uni t  cavi ty  
con ta ins ,  i n  add i t ion  to  hydrogen coolant passages,  Si02 ducting for distribution 
and c i r cu la t ion  of the cavi ty  l iner  and t ransparent-wal l  coolant ,  and internal ly  
cooled graphite-insulated beryll ium tie rods. A flow divider and pyrolytic graphite 
insu la t ing  layer  separa tes  the  outer  ho t  graphi te  from the  Be0 associated with the 
u n i t  c a v i t i e s .  These f e a t u r e s  a r e  shown in Fig.  2 .  
Nuclear Analysis and Cross-Sections 
The configuration shown i n  F i g .  3 contains adjacent zones with widely differing 
neutron scat ter ing and absorp t ion  proper t ies .  Hence, a l a rge  number of mesh points  
are requi red  for  e i ther  neut ron  t ranspor t  or di f fus ion  theory  ca lcu la t ions .  To 
remain within the limits of reasonable computation time, the following steps were 
fol lowed in  the nuclear  analysis .  
A l l  one-dimensional calculations were performed using the ANISN neutron trans- 
port  theory code (Ref.  4).  The geometry employed f o r  one-dimensional  calculations 
was t h a t  of a radial  cross-sect ion through the mid-plane of Fig. 3. F i r s t ,  t he  
minimum order of angular quadrature was chosen t o  be S4 on t h e  b a s i s  of previously 
ca lcu la ted  resu l t s  (Ref .  2 ) .  This  minimum order of quadrature was established by 
performing a s e r i e s  of one-dimensional,  infinite-cylinder calculations for a u n i t  
cavi ty  with the resul t  that  f luxes and eigenvalues  remained e s s e n t i a l l y  t h e  same 
f o r  S4 , S6, and S8 angular quadratures. 
It was necessary t o  employ several  thermal neutron energy groups in the range 
from 0 t o  1.125 ev to  calculate  the neutron absorpt ions and spectra  accurately for  
adjacent regions in the moderator a t  qu i t e  d i f f e ren t  t empera tu res .  In  add i t ion ,  t o  
c a l c u l a t e  t h e  e f f e c t s  of neutron upscattering by the presence of hydrogen and hot 
neon a t  temperatures from 2000 t o  12,000 R in  the hot  gas  regions,  it was necessary 
t o  add several  thermal neutron groups in the range between 1 and 29 ev. The bas i c  
s e t  of 24 neutron energy groups was chosen with 14 of the groups covering the range 
from 0 t o  29 ev and the remaining groups covering the range from 29 t o  lo7 ev. 
Table I11 contains the energy boundaries of the 24-group s t ruc tu re .  
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To calculate two-dimensional configurations economically, the 24-group cross- 
sections used in one-dimensional f inite-cylinder calculations were used t o  generate 
volume- and flux-weighted 4-group cross-sections. The neutron energy boundaries 
of t he  4-group s e t  are a l s o  shown i n  Table 111. The boundary between groups 3 and 
4 i n  t h e  &-group s e t  i s  a t  8.32 ev, and some up-scat ter ing of neutrons from group 
4 t o  group 3 did occur .  In  order  to  e l iminate  up-scat ter ing probabi l i t ies  f rom 
the  two-dimensional problems, t h e  o p t i o n  i n  t h e  ANISN code which subt rac ts  the  up- 
s ca t t e r ing  from the down-scattering and thereby maintains the balance of transfer 
of neutrons between adjacent groups was used (Ref:4). This created a 4-group cross- 
s ec t ion  se t  which had only down-scattering. 
To ensure the accuracy of t he  4-group cross-sections,  they were reused  in  
ca lcu la t ions  for  the  same one-dimensional configuration from which they were gener- 
a ted,  and comparisons of eigenvalues, fluxes, leakages, and absorptions by region 
were made wi th  the  or ig ina l  24-group r e s u l t s .  The values of the kerf for the 4- 
group and 24-group calculations agreed t o  w i t h i n  0.02 percent. Absorptions, leakages, 
and fluxes by group and region agreed t o  w i t h i n  a t  most 2.0% (Ref. 2 ) .  This close 
agreement ve r i f i ed  that the 4-group cross-sections could be used for two-dimensional 
ca lcu la t ions .  
Two-dimensional ca lcu la t ions  were made using the &-group cross-sections in the 
EXTERMINATOR-I1 neutron diffusion theory code  (Ref. 5 ) .  One two-dimensional  trans- 
port  theory calculat ion was made for  the reference nuclear  l ight  bulb engine of 
Fig. 3 using S4 angular quadrature i n  t h e  DOT code (Ref. 6 ) .  Mesh spacings and 
4-group cross-sections used for the two-dimensional neutron transport theory calcula- 
t i o n  were i d e n t i c a l  t o  t h o s e  employed for  the diffusion theory calculat ions so that 
an accurate comparison of resu l t s  could  be made. 
To perform additional exploratory calculations economically,  such as computa- 
t i o n  of t he  va r i a t ion  of c r i t i c a l  mass with moderator temperature, it was necessary 
t o  e s t a b l i s h  a buckling correction for the one-dimensional cylindrical  configuration. 
This  correct ion w a s  i n  t h e  form of an effective cylinder height for the one-dimensional 
geometry cons is t ing  of t he  radial cross-sect ion a t  t h e  a x i a l  mid-plane of the  con- 
f igura t ion  in  F ig .  3 .  Once the  e f fec t ive  cy l inder  he ight  was establ ished such that  
c r i t i ca l  fue l  l oad ings  dup l i ca t ed  accu ra t e ly  those  from the corresponding two- 
dimensional . resul ts ,  the  above mentioned exploratory calculations were carr ied out  
using the one-dimensional ANISN code with 24 neutron energy groups. 
The eigenvalue convergence criterion was 5 0.0001 f o r  a l l  one-dimensional 
calculat ions and <= 0.0005 for a l l  two-dimensional calculations. 
Fast  neutron cross-sections were calculated using the GAM-I code with slowing- 
down spectra  calculated for  the var ious local  moderator  materials (Ref. 7 ) .  The 
slowing-down spectrum i n   t h e   c a v i t y   r e g i o n s  was assumed t o  be t h a t  of the beryl l ium 
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oxide moderator, the material i n  l a r g e s t  q u a n t i t y  a d j a c e n t  t o  t h e  c a v i t i e s .  Thermal 
neutron absorption cross-sections were calculated using the TEMPEST code with 
spectra  again chosen for the temperature and materials of the local  moderator  
regions (Ref. 8).  Vp- and down-scattering probabili t ies within the thermal neutron 
energy  groups were calculated using the SOPHIST-I code  (Ref. 9 ) .  This code includes 
the  enhancement of r e a c t i o n  r a t e s  due t o   r e l a t i v e   v e l o c i t y  between neutron and 
s c a t t e r e r ;  t h i s  e f f e c t  was included i n  t h e  c a l c u l a t i o n  of the  t ranspor t  c ross -sec t ion  
for  the  var ious  mater ia l s .  
Treatment of the  t ranspor t  c ross -sec t ion  in  the  spec ia l  cases  of atomic and 
molecular hydrogen and hot neon fo l lows  tha t  repor ted  in  ear l ie r  ca lcu la t ions  wi th  
the  addi t ion  of dependence of the  sca t te r ing  c ross -sec t ion  of molecular hydrogen on 
the energy of i n t e rac t ion ,  a function of r e l a t ive  ve loc i ty  (Ref s .  2 and 10) .  The 
equat ion for  the t ransport  corss-sect ion i s  
The sum of p i j  i s  the sum of the up- and down-scattering probabili t ies from energy 
group i t o  a l l  energy group j ;  cos 8 is the mean value of the cosine of t h e  s c a t t e r -  
ing angle (which includes consideration of the motion of  the scat ter  as we l l  as the  
incident neutron); and c a l lows  for  the  re la t ive  ve loc i ty  dependence necessary t o  
co r rec t  fo r  t he  e f f ec t s  of molecular binding on the  sca t te r ing  c ross -sec t ion  a t  low 
interact ion energies  (Ref .  10). 
-
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Results of Cr i t i ca l i t y  Ca lcu la t ions  
Effects  of Var ia t ions  in  Engine Design 
The nuclear ,  f luid dynamic, hea t  t ransfer ,  and  performance c h a r a c t e r i s t i c s  of  
the  engine  in te rac t  so as t o  provide a wide range of d e s i g n  p o s s i b i l i t i e s .  One of 
the  objec t ives  of t h i s  s tudy  w a s  t o  e v a l u a t e  t h e  e f f e c t s  of poss ib l e  va r i a t ions  in  
reference engine design on the U-233 c r i t i c a l  mass. The effects  considered include 
v a r i a t i o n  i n  t h e  t o t a l  mass and  d is t r ibu t ion  of moderator  mater ia l ,  var ia t ions in  
the  exhaus t  nozz le  throa t  a rea ,  var ia t ions  in  the  amount of tungsten seed material  
i n   t h e  hydrogen p rope l l an t ,  and  va r i a t ions  in  the  to t a l  mass of hafnium employed t o  
s h i e l d  f u e l  i n j e c t i o n  and recirculat ion system ducts .  
Two-dimensional neut ron  d i f fus ion  theory  ca lcu la t ions  were performed i n  which 
the  s ize  and compositions of the gaseous regions remained the same bu t  i n  which the 
t o t a l  mass of moderator material was reduced. The r a t i o  of Be0 to  graphi te  moderator  
weight was chosen for  each of these configurations on the basis of s implif ied one- 
dimensional heat balance calculations in which it was assumed that neutron and gamma 
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energy deposition was cons tan t  i n  the  inne r  Be0 regions and dropped off exponentially 
i n  t h e  e x t e r n a l  Be0 and graphite regions. The r a t i o  of radial  moderator mss t o  
t o t a l  moderator mss was assumed t o  be 0.5. The term radial moderator mass r e f e r s  
t o  a l l  moderator mass between the upper and lower end walls i n   F i g .  3 ( i . e .  , regions 
7, 11, and 12) .  The remaining moderator material beyond the ends of the  uni t  cav i t ieE 
i s  r e f e r r e d  t o  as end-wall moderator mass ( i . e .  , regions 3,  4, 14, and 15) .  The 
internal  moderat ion factor ,  fm, was 0.143. The internal  moderat ion factor  i s  the 
r a t i o  of inner Be0 mass (region 7 i n  Fig. 3) t o   t h e   t o t a l  Be0 mass i n   t h e   e n t i r e  
engine (regions 4, 7, 11, and 14) .  Normally, the inner  Be0 would contain a l l  t he  
Be0 associated with the inner  uni t  cavi ty  and half  of the Be0 associated with the 
six o u t e r  c a v i t i e s ,  i n  which case the internal  moderat ion fact ion would be 0.286. 
An internal  moderat ion factor  of 0.143 means t h a t  h a l f  of t he  Be0 which would 
normally be located i n  t h e  i n n e r  Be0 region has been shifted outward t o  t h e  o u t e r  
Be0 region. It i s  shown l a t e r  t h a t  changes i n  t h e  Be0 dist r ibut ion can be made t o  
minimize c r i t i c a l  mass and, more importantly, t o  balance the rate  of power output 
per  un i t  cav i ty  between the inner  and outer  cavi t ies .  
The r e s u l t s  of the  ca lcu la t ions  to  inves t iga te  the  e f fec ts  of t o t a l  moderator 
mass on c r i t i c a l  mass a r e  shown i n  Fig. 4. A decrease in  total  moderator  mass from 
39,000 t o  24,600 l b   r e s u l t s   i n  an i nc rease  in  U-233 c r i t i c a l  mass from 34.7 t o  43.8 l b .  
I n  comparison, the total  moderator  mass in  the  conf igura t ion  employed i n  Ref. 2 was 
33,100 l b  and U-233 c r i t i c a l  mass was 43.5 l b .  
One-dimensional, 4-group t ransport  theory calculat ions were performed t o  inves- 
t i g a t e  t h e  e f f e c t  of varying the amount of internal moderation. An e f f ec t ive  
cylinder height was chosen such t h a t  t h e  c r i t i c a l  f u e l  l o a d i n g  matched that from 
the ear l ier  two-dimensional  resul t ,  and the  internal  moderat ion factor ,  fIMJ was 
varied between 0 and  0.286. The r e s u l t s  of these calculat ions are  shown in  F ig .  5. 
C r i t i c a l  mass i s  minimum at fIM = 0.190. The reference engine was chosen t o  have a 
value Of fIM of 0.143 because the ratio of power per  un i t  cav i ty  between the inner 
and outer  cavi t ies  would be c l o s e r  t o  u n i t y  w i t h  r e l a t i v e l y  l i t t l e  i n c r e a s e  i n  
c r i t i c a l  mass. This  ra t io ,  Pz/P0, i s  a l s o  shown i n  F i g .  5 with one point of com- 
parison for the reference englne from the two-dimensional diffusion theory results. 
Further  reduct ion in  P /P from 1.14 t o  1.0 would have t o  be achieved by different 
fue l  loadings  in  the  inner  and ou te r  cav i t i e s .  The r e d u c t i o n  i n  c r i t i c a l  mass from 
fIM = 0 t o   t h e  minimum point  a t  fIM = 0.190 was about 5%. 
I O  
Another f a c t o r  a f f e c t i n g  c r i t i c a l  mass i s  the  d i s t r ibu t ion  of moderator mass 
between r a d i a l  and a x i a l  d i r e c t i o n s .  The r e s u l t s  of two-dimensional diffusion theory 
ca lcu la t ions  per formed to  eva lua te  the  e f fec t  of varying the fract ion of t o t a l  
moderator mass used in  the  rad ia l  d i rec t ion ,  fmJ  are  shown in  F ig .  6. C r i t i c a l  
mass i s  a minimum a t  f = 0 .5 .  RM 
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A f i n a l   s e r i e s  of two-dimensional diffusion theory calculations w a s  performed 
t o  eva lua te  the  e f fec t  on c r i t i c a l  mass of  varying the effect ive nozzle  throat  area,  
A,r, in  the  re ference  engine .  The r e s u l t s  of these  ca lcu la t ions  a re  shown i n  Fig. 7, 
i n  which it i s  noted that t h e  r a t i o  o f  t h e  f r a c t i o n a l  change i n   c r i t i c a l  mass t o   t h e  
f r a c t i o n a l  change in  e f f ec t ive  a rea  o f  nozz le  th roa t  i s  (AM/%)/(&!$/+ ) = a .156  
a t  the reference engine design point. A t  the  point  where % = 0, only the nozzle 
t h r o a t  was closed off with the nozzle approach s t i l l  i n   t h e  Be0 port ion of t he  
lower end w a l l  (region 14 i n  Fig. 3 ) .  The nozzle approach and throat areas of tho 
reference engine were calculated on the  basis of sp l i t t i ng  the  nozz le  volume between 
the lower B O ,  the lower graphite,  and the pressure vessel  regions with the assump- 
t i o n  that the nozzle  radius  var ied l inear ly  with dis tance from the base of t h e  u n i t  
c e l l  t o  t h e  o u t s i d e  edge  of the pressure vessel .  The ac tua l  nozz le  throa t  a rea  per  
u n i t  c e l l  was 0.006 ft2, as reported in  Ref .  1. The r e l a t i v e l y  l a r g e  e f f e c t i v e  
nozz le  throa t  a rea  of 2 .1  f t 2  employed in  the reference engine calculat ions was 
chosen t o  a l l o w  f o r  t h e  e f f e c t s  of s t ruc tu re  and coolant manifolds around the nozzle 
t h r o a t s .  
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The refer-nce engine selected has a U-233 c r i t i c a l  mass of 34.7 l b .  This mass 
corresponds t o  an average fuel  par t ia l  pressure in  the fuel-containment  region of 
200 atm on the basis of t he  s tud ie s  of Ref. 11. 
Material worths were calculated using the EXTERMINATOR-I1 ad jo in t  and perturba- 
t ion  calculat ion  opt ions.   Table  I V  conta ins  the  resu l t s  of these  ca lcu la t ions  in  
the form  of r e a c t i v i t y  c o e f f i c i e n t s .  These coe f f i c i en t s  were used to  e s t ima te  the  
e f f e c t s  on c r i t i c a l  mass t o  be expected (1) from tungsten seed in  the hydrogen pro- 
p e l l a n t  (4% by weight), and ( 2 )  from reduc t ion  in  the  s i ze  of the hafnium-shielded 
fuel  inject ion and recirculat ion system ducts  in  the upper  end walls. Tungsten 
seed was included in the two-dimensional diffusion theory calculations in only 
t r a c e  amounts in  the nozzle  regions and in  the hydrogen propel lant .  Applying the 
r e a c t i v i t y  c o e f f i c i e n t s  of Table I V  t o  the inclusion of tungs ten  in  the  amount of 
4% by weight of the hydrogen propellant would decrease keff by 0.001, which would 
r e s u l t  i n  a n  i n c r e a s e  i n  c r i t i c a l  mass of 0.09 l b .  
The major portion of the hafnium i n   t h e  upper end walls i s  due t o   f u e l   r e c i r -  
culation system ducts which were assumed to require twelve t imes the flow area of 
t h e  f u e l  i n j e c t i o n  d u c t s  t o  accommodate the neon bypass flow required t o  c o o l  t h e  
r e c i r c u l a t i n g  f u e l .  I f  t h i s  f l o w  a r e a  were halved, the required hafnium mass i n  
the  end wall would be  reduced  by  about 308, k would increase by 0.004, and 
c r i t i c a l  mass would decrease by 0.36 l b .  Thee6ifnium duct walls in  the upper  end 
wall were assumed t o  be 0.2 in.  thick,  and the hafnium cross-sections employed i n  
a l l  calculat ions had se l f - sh ie ld ing  fac tors  appl ied  to  them (Ref. 12) .  
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Factors Affecting Dynamics of a Nuclear Light Bulb Engine 
There are several  factors  such as temperature and pressure variations,  fuel 
r ad ius  changes, and f l u c t u a t i o n s  i n  fuel and tungsten seed inject ion which can 
a f f e c t  t h e  r e a c t i v i t y  of any type of gaseous nuclear rocket engine. some of these 
f a c t o r s  have been investigated using the EXTERMINATOR-I1 adjoint-per turbat ion cal-  
culations and one-dimensional 24-group t ranspor t  theory  ca lcu la t ions  for  the  re fer -  
ence nuclear l ight bulb engine.  
The reference engine has different nominal operating temperatures, To, i n  d i f -  
ferent  regions as shown in  Tables  I and 11. Variat ions in  operat ing temperature  
were simulated by varying the nominal operating temperature of each region s i m u l -  
taneously between 0.8 To and 1.2 To. I n  gaseous regions, pressure was assumed t o  
be constant a t  500 a t m  during the variation in operating temperature.  Calculations 
of t he  e f f ec t s  of these temperature variations were performed using one-dimensional, 
24-group t ransport  theory with an effect ive cyl inder  height  of 620 cm.  The r e s u l t s  
of the  ca lcu la t ions  a re  shown in  F ig .  8. There i s  a posit ive temperature coefficient 
of r e a c t i v i t y  a t  To, with  the  s lope  fa l l ing  of f  a t  1 .2  To.  Table I V  contains the 
l inear ized value of the  tempera ture  reac t iv i ty  coef f ic ien t  near  To. The reason for  
the posi t ive temperature  react ivi ty  coeff ic ient  can be seen by comparing the curve 
of average fission cross-section for group 4 with the curve showing a l / v  v a r i a t i o n .  
It should be emphasized that changes i n  d e n s i t y  which occur as a r e s u l t  of a var ia-  
t i o n  of temperature of the hot gases a t  constant pressure cause axial leakage varia- 
t i o n s  which cannot be accurately accounted for in a one-dimensional calculation. 
Eventually,  the effects of increased axial leakage must overcome the  pos i t ive  
r eac t iv i ty  con t r ibu t ion  due to  the non-l /v  nature  of  the U-233 f i ss ion  c ross -sec t ion .  
Evaluation of the temperature at which the slope of the temperature  coeff ic ient  of 
r e a c t i v i t y  changes sign should be the subject of further two-dimensional calculations. 
The hydrogen propellant regions of the reference engine contain relat ively 
cool boundary layers  near  the  cavi ty  walls and transparent walls. The thicknesses 
of t hese  l aye r s  a f f ec t  t he  mixed mean temperature, Tm, of the propellant.  Calcula- 
tions using the one-dimensional transport theory model described above were per- 
formed t o  e v a l u a t e  t h e  e f f e c t  on r e a c t i v i t y  due t o  v a r i a t i o n s  i n  Tm r e su l t i ng  from 
var ia t ions  in  the  th icknesses  of t he  r e l a t ive ly  coo l  boundary l aye r s .  A pos i t i ve  
r e a c t i v i t y   c o e f f i c i e n t  shown i n  Table IV of (nk/k)/(ATm/T ?) = tO.0544 r e su l t ed  
f o r   v a r i a t i o n  of Tm about a basic  value of T 5100 R .  h i s   p o s i t i v e   r e a c t i v i t y  
coe f f i c i en t  i s  explained by the non-l/v behavlor of the group 4 f i ss ion  c ross -sec t ion  
as discussed above. 
w =  
A f i n a l  s e t  of one-dimensional neutron transport theory calculations w a s  c a r r i ed  
out t o  determine the effect  of  fuel  region radius  var ia t ion for  the reference engine 
conf igura t ion  us ingan  inf in i te  cy l inder  he ight .  Inf in i te  cy l inder  he ight  was used 
t o  e l imina te  poss ib le  var ia t ions  in  simulated axial leakages wi th  the changes i n  
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fue l  dens i ty  r e su l t i ng  f rom changes i n   f u e l  volume. Tota l  and  loca l  pressure  in  the  
chamber and nuclear  fuel  mass were held constant as fue l  reg ion  rad ius  was changed. 
The results of these  ca lcu la t ions  y ie lded  increases  in  reac t iv i ty  wi th  decreases  in  
fuel radius over the range of fue l - to -cav i ty  r ad ius  r a t io  of 0..5 t o  0.61. The coef- 
f i c i e n t  of r e a c t i v i t y ,  (Ak/k)(nR / ) = -0.0413, i s  shown i n  Table IV. This   resu l t  
i s  c o n t r a r y  t o  what should be expected on t h e  b a s i s  of self-shielding arguments. 
Bowever, the self-shielding i s  so s l i g h t  t h a t  it i s  over-ridden by the change i n  t h e  
non-l/v U-233 average fission cross section caused when thermal neutrons traverse 
t h e  l a y e r  of neon at 15,000 R which increases  in  th ickness  as the fuel  c loud i s  
reduced i n  s i z e .  
F?F 
The r e a c t i v i t y  c o e f f i c i e n t s  r e s u l t i n g  from changes i n   t h e  amount of tungsten 
seed i n  t h e  hydrogen propellant and changes i n  t h e  amount of hafnium in the upper  
end walls have been discussed previously and are also shown i n  Table I V .  The 
r eac t iv i ty  coe f f i c i en t  a s soc ia t ed  wi th  a l l  g a s e s  i n  a l l  regions, obtained from the 
r e s u l t s  of the two-dimensional adjoint-perturbation calculations, i s  a l s o  shown i n  
Table I V .  Th i s  r eac t iv i ty  coe f f i c i en t  can be interpreted as the pressure coeffL- 
c i en t  of reac t iv i ty  and  has  a posi t ive value of (Ak/k)/(nPc/Pc ) = a . 0 8 5 9 .  
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Prompt neutron l i fe t ime was ca lcu la ted  for  U-233 in  the reference engine using 
the  EXTERMTNATOR-I1 adjoint-per turbat ion calculat ion.  The r e s u l t  gave a prompt 
neutron l i fe t ime of 0.516 msec. 
- Comparisons  of  Nuclear  Fuels  and  Analytical  Techniques 
Two special one-dimensional, 24-group, neutron transport theory calculations 
. - re  per lwned using the effect ive cyl inder  height  of 620 em t o  determine the 
r e q u i r e d  c r i t i c a l  masses of Pu-239 and U-235 in  the reference engine configurat ion.  
The r e s u l t s  gave c r i t i c a l  masses of 46.0 l b  f o r  Pu-239 and  50.4 l b  for U-235.  The 
cor responding  cr i t i ca l  mass f o r  U-233 was 34.7 l b .  The h i g h e r  c r i t i c a l  mass f o r  
U-235 compared with U-233 i s  due t o  b o t h  a lower average thermal fission cross- 
sect ion and a lower yield of neut rons  per  f i ss ion .  I n  the case of PU-239, t he  
fission/absorption resonance a t  0 .3  ev  g ives  r i se  to  a substant ia l ly  higher  thermal  
neutron f iss ion cross-sect ion but  a lso a la rger  capture  of f i s s i o n  r a t i o .  Most 
important, the resonance cross-sections become se l f - sh ie lded ,  caus ing  the  c r i t i ca l  
mass t o  be subs tan t ia l ly  h igher  than  tha t  requi red  for  U-233. 
For purposes of comparison, one two-dimensional neutron transport  theory cal-  
c-CLatior using the DOT code was performed using 4-group cross-sections and mesh 
spacings identical  to those used in the two-dimensional diffusion theory calcula- 
t ions for the reference engine.  The r e s u l t s  from transport  theory yielded a 
c r i t i c a l  mass of U-233 of  30.90 l b ,  which i s  11% lower than that from diffusion 
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t heo ry .  Th i s  c r i t i ca l  mass corresponds to  an  ave rage  fue l  pa r t i a l  p re s su re  o f  2'75 
a t m  in the fuel-containment region on t h e  b a s i s  of the s tudies  of  Ref .  11. The 
t ranspor t  theory  resu l t  had about half as much to ta l  neut ron  leakage  from the system 
as was calculated by diffusion theory,  and the radial  neutron f lux plots  differed 
s2mewhat i n  the  ou te r  Be0 and graphite regions.  This can be seen in Fig.  9 where 
comparisons of the normalized radial neutron fluxes from one- and two-dimensional 
transport theory and two-dimensional diffusion theory are presented. 
Neutron spec t ra  a re  shown in  F ig .  10 for  the var ious regions of the reference 
engine. These spectra  were p l o t t e d  from the  24-groupJ  one-dimensional t r anspor t  
theory  resu l t s  and  were used primarily as a check for  the thermal  neutron scat ter-  
ing matrices. The e f f e c t s  of up-scattering by the hot gases can be seen in the 
r e l a t ive ly  h ighe r  f lux  l eve l s  above 0.5  ev in  the outer  fuel  region spectrum. 
Recommendations for Future Research 
Further analysis should be performed in three areas covered by the cri t icali ty 
calculat ions of t h i s  s tudy :  (1) a more detailed geometric model  of the thrust  nozzle  
end wall should be employed for two-dimensional analysis of the reference configura- 
t ion,  (2) two-dimensional calculations of t he  r eac t iv i ty  va r i a t ions  a s soc ia t ed  wi th  
changes i n  nominal operating temperature should be made, and ( 3 )  two-dimensional 
calculat ions of the react ive var ia t ions associated with changes in  fue l  reg ion  rad ius  
should be made. 
U-233 c r i t i c a l  mass requirements were shown t o  be  qui te  sens i t ive  to  the  choice  
of e f fec t ive  nozz le  throa t  a rea .  A s e r i e s  of two-dimensional calculations should 
be performed, using d i f fus ion  theory  pr imar i ly ,  in  which the lower end w a l l  i s  
divided into progressively greater  numbers of a x i a l  zones unt i l  the  nuc lear  model 
descr ibes  the  e f fec t  of thrust  nozzles  on c r i t i c a l  mass to  the desired accuracy.  
A s  described previously, gas density changes occur when changes i n  nominal 
operating temperature are applied under constant pressure conditions. This gives 
r i s e   t o   v a r i a t i o n s   i n   a x i a l   l e a k a g e  which can be evaluated only by two-dimensional 
ca lcu la t ions .  In  addi t ion ,  the  present  s tudy  ana lyzed  reac t iv i ty  var ia t ions  resu l t -  
ing from f r a c t i o n a l  changes in material temperatures occurring simultaneously 
throughout  the system. Since there  are  substant ia l  differences in  total  masses 
and specif ic  heats  of the mater ia ls  employed in  the engine,  a more r e a l i s t i c  approach 
would a l low d i f fe ren t  t ime h is tor ies  in  the  tempera ture  response  to  a sustained s tep 
change i n  power l e v e l .  It i s  recommended therefore ,  that  fur ther  analyses  of the 
temperature  coeff ic ient  of r e a c t i v i t y  be conducted using two-dimensional diffusion 
theo ry  to  a l low fo r  ax ia l  l eakage  e f f ec t s .  These calculations should be done f o r  
several  points  in  t ime fol lowing a sustained s tep change i n  power l e v e l   i n  which 
material  temperatures in the various regions are based on rea l i s t ic  tempera ture  
response t ime histories.  
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The ca lcu la t ions  of v a r i a t i o n s  i n  r e a c t i v i t y  due t o  changes i n  fuel region 
radius should be expanded t o  include two-dimensional R - 8  ca lcu la t ions  to  de te rmine  
whether a more accurate geometric description of the reference engine geometry in 
the cross-sectional plane has a s i g n i f i c a n t  e f f e c t  on t he  results. In  addi t ion ,  
evaluat ion of t he  r eac t iv i ty  coe f f i c i en t  a s soc ia t ed  wi th  changes i n  f u e l  r e g i o n  
radius should be performed for cases in which compression and expansion of t h e  f u e l  
cloud occur so r ap id ly  tha t  local pressures  do not remain constant, but vary i n  
proportion to l oca l  fue l  dens i ty .  
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NUCLEAR KINETICS  STUDIES 
Nuclear Kinetic Equations with Variable Fuel Residence Time 
The pr inc ipa l  unusua l  fac tor  in  the  k ine t ic  behavior  of a nuclear  l ight  bulb 
engine i s  that the  nuc lear  fue i  i s  injected cont inuously into the act ive core 
volume. Experimental  results for constant-temperature gas vortex tests indicate  
that the average residence t ime of n u c l e a r  f u e l  i n  a fu l l - sca le  nuc lear  l igh t  bu lb  
engine would probably be on the order  of 20 see. If t h i s  i s  the case , then delayed 
neutron precursors which emit delayed neutrons at t ime periods greater than 20 sec 
a f t e r  t h e  f i s s i o n  e v e n t  would con t r ibu te  e s sen t i a l ly  no neutrons t o   t h e   a c t i v e  
volume of the reactor core.  This problem i s  qu i t e  similar t o  t h a t  f o r  c i r c u l a t i n g  
fuel  reactors ;  the important  difference i s  that compressible gases are employed i n  
a nuclear l ight bulb engine,  whereas i n  t h e  c i r c u l a t i n g  f u e l  r e a c t o r s  t h e  f u e l  
solut ion i s  an incompressible l iquid.  Due to  compress ib i l i ty ,  it i s  p o s s i b l e  t o  
have f l u c t u a t i o n s  i n  t o t a l  f u e l  l o a d i n g s  which r e s u l t  from f l u i d  dynamic f luctua-  
t i o n s  i n  t h e  heavy-gas  residence  time.  Thus,  both t h e  f r a c t i o n  of delayed neutrons 
which a r e   l o s t  from the  ac t ive  co re  and t h e   t o t a l  mass of nuclear fuel within the 
act ive core w i l l  vary wi th  time. These are  pr imary considerat ions in  the overal l  
control  of the engine.  
The equations describing the space-independent kinetics of a nuclear  l ight  bulb 
engine are shown in  F ig .  11. Equation ( a )  determines the neutron level;  it includes 
a t ime-vary ing  reac t iv i ty  coef f ic ien t  which i s  af fec ted  by  the  ra te  of change of 
nuclear  fuel  mass descr ibed  in  Eq. ( e )  of Fig. 11. Equation ( d )  g ives  the  reac t iv i ty  
feedback which r e s u l t s  from t ime var ia t ions in  nuclear  fuel  loading.  The r a t e  of 
change of r eac t iv i ty  wi th  f r ac t iona l  change i n   c r i t i c a l  mass i s  taken from Table I V .  
It can be seen i n  Eq. ( d )  t h a t  a 6ko term i s  present .  T h i s  term i s  the steady-state 
r e a c t i v i t y  r e q u i r e d  t o  overcome the loss  of delayed neutrons due t o  a f in i te  res idence  
t ime of delayed neutron precursors in the reactor core.  Equation (e) is the equation 
f o r  6 ko, the  necessary  s teady-s ta te  reac t iv i ty  for  a given fuel and delayed neutron 
precursor loss ra te .   Equat ion   (e )  was derived  in  accordance w i t h  Ref. 13. Equa- 
t i o n  ( b )  (s ix  different  equat ions)  descr ibes  the t ime behavior  of the six groups of 
delayed neutron precursors.  In these equations it i s  assumed that the delayed 
neutron precursors have the same residence time as the  nuc lear  fue l .  Thus, the feed- 
back due to  var ia t ions  in  the  nuc lear  fue l  res idence  t ime inc lude  var ia t ions  in  the  
delayed neutron fractions which a re  emi t ted  in  the  reac tor  core  as wel l  as a d i r e c t  
react ivi ty  feedback due t o  v a r i a t i o n s  i n  n u c l e a r  f u e l  mass wi th  va r i a t ions  in  the  
fuel residence t ime. 
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The equations shown i n  Fig.  11were programmed f o r  t h e  UNNAC 1108 computer for 
the  reference nuclear  l ight  bulb engine.  In  the reference engine the fuel  decay 
constant i s  assumed t o  be 0.05 sec-l;  (fuel decay constant,  xFo, i s  the inverse of 
average  fue l  res idence  t ime)  the  c r i t i ca l  fue l  loading ,  34.7 of U-233; and  the  ra te  
of change  of r eac t iv i ty  wi th  f r ac t iona l  change i n  mass, 0.384. Table V contains 
the  de layed  neut ron  y ie lds  for  U-233 which were employed in  these  ca lcu la t ions .  
These delayed neutron yields are from Ref. 14 .  
Results of Nuclear Kinetics Studies 
Responses to  S tep  and  Ramp Changes i n  Reactivity and Fuel Residence Time 
The power l e v e l  o f  the nuclear  l ight  bulb i s  d i r ec t ly  p ropor t iona l  t o  the  
neutron level.  Power leve l  responses  to  s tep  and  ramp changes i n  r e a c t i v i t y  f o r  a 
fixed  nuclear  fuel  decay  constant ( x  = 0.05 s e c - l )  a r e  shown i n  Fig.  12. The 
prompt neutron l i fe t ime was 5 x 10-4Fgec and the  s teady-s ta te  reac t iv i ty  requi red  
t o  compensate fo r  t he  loss of the delayed neutrons was 8 ko = 0.03Op , where p i s  
the  to ta l  de layed  neut ron  f rac t ion  for  U-233. It can be seen from Fig.  12a that 
t he  power level  doubl ing t ime for  sustained s tep inser t ion of r e a c t i v i t y  of tO.20 
p was about 4 see.  For sustained ramp i n s e r t i o n  of r e a c t i v i t y  of 0.20 p (t-to) ,
Fig. 12bJ the power level doubling time was about 2 see. These two r e s u l t s  w i l l  
be used in the following discussion as a basis for comparisons when i n i t i a l   f u e l  
decay constant and prompt neut ron  l i fe t ime are  var ied .  
Power l eve l  r e sponses  to  pos i t i ve  s t ep  and ramp changes i n  r e a c t i v i t y  f o r  d i f -  
ferent  values  of fuel  decay constant  are  shown i n  F i  . l3a and l3b, respect ively.  
Prompt neutron l i fe t ime was held constant a t  5 x 10- f sec for  these cases .  Power 
level  doubl ing t imes for  sustained s tep inser t ions of r e a c t i v i t y  of 0.20 p were 
0.85, 3.9, and 1 4 . 4  see for  fuel  decay constants  of 1.0, 0.05, and 0.0  sec - l  
(corresponding t o  average fuel residence t imes of 1.0, 2.0, and 03 see) ,  respect ively.  
For sustained ramp inse r t ions  of r e a c t i v i t y  of 0.20 p ( t - t o ) ,  power level doubling 
times were 1 . 5 ,  2.0, and 2.5 sec for  fuel  decay constants  of 1.0, 0.05, and 0.0 see’’, 
respect ively.  
Figure 14 shows power leve l  responses  to  s tep  and ramp changes i n  r e a c t i v i t y  
fo r  d i f f e ren t  va lues  of prompt neutron l ifetime while fuel decay constant was held 
constant a t  0.05 sec- l .  Power level  doubl ing t imes for  sustained s tep inser t ions 
of  reac t iv i ty  of  0.20p were 9.4, 3.9, and 3.0 sec for prompt neutron l i fe t imes of 
3 x 10-3, 5 x and sec , respect ively.  For sustained ramp inse r t ions  of 
r e a c t i v i t y  of 0.20p (t-to), power level doubling t imes were 3.5, 2.0, and 1.0 f o r  
prompt neutron  l i fe t imes of 3 x 10-3, 5 x and lom4, respect ively.  
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It i s  i n t e r e s t i n g  t o  examine the  va r i a t ions  in  fue l  l oad ing  and  power leve l  wi th  
var ia t ions in  fuel  decay constant .  Figure 1 5  p r e s e n t s  t h e  f r a c t i o n a l  v a r i a t i o n s  i n  
fue l  loading  which occur following step changes i n   f u e l  decay constant for the 
reference engine; Fig. 16 presents  the  same information for  ramp changes. In  both  
cases  the pr’ompt neut ron   l i fe t ime was 5 x sec   and   t he   i n i t i a l   fue l   decay  con- 
s t a n t  was 0.05 sec-1. The f r a c t i o n a l  mass var ia t ions  te rmina ted  abrupt ly  in  these  
f igures  because the coupled neutron level  response had reached some l imi t ing  va lue  
spec i f i ed  in  the  inpu t  of t h e  d i g i t a l  computer program. 
Figure 17 shows the corresponding variations of power l e v e l .  The power l e v e l  
and -0.01 X F ~  sec- l  were 0.15, 0.65, and 3.30 sec,  respect ively (Fig.  l7a) .  
doubling t imes for sustained step changes of fuel decay constant of -1.0 X F ~ ,  -0.10 
For sustained ramp changes of fuel  decay  constant of -1 .O A F~ ( t - t o )  , -0.10 X 
( t - to ) ,  and  -0.01 X F  (t-to) sec-’, the power level doubling t imes were 0.50JF?.15, 
and 2.90 sec,  respectively (Fig.  1m). The power leve l  response  to  sus ta ined  ramp 
changes of -0.01 X F~ ( t - t o )   s e c - l  w i l l  be used below as a basis f o r  comparison with 
power level responses when t h e  i n i t i a l  v a l u e  of fuel decay constant and the prompt 
neut ron  l i fe t ime are  var ied .  
XFoJ 
Figure 18 presents  the  var ia t ion  of fuel loading with negative ramp changes i n  
fue l  decay  cons tan t  for  d i f fe ren t  in i t ia l  va lues  of fuel decay constant ranging from 
1.0 t o  0.01 sec- l .  The e f f e c t s  of these  var ia t ions  on power l e v e l  a r e  shown i n  
Fig. l g a .  Power level  doubl ing t imes for  sustained ramp changes  of f u e l  decay con- 
s t a n t  of -0.01 XF, ( t - t o )  s e c - l  were 4.75, 2.90, and 0 .85  see  for  in i t ia l  va lues  of 
fuel decay constant,  X F ~ ,  of  0.02,  0.05,  and 1.0 sec- l ,  respect ively.  Prompt neutron 
l i f e t i m e  was 5 x 10-4 sec for these cases.  Figure l9b shows power leve l  response  to  
sustained ramp changes in  fue l  decay  cons tan t  of -0.01 XF, (t-to) sec-1  for  d i f fe ren t  
prompt neutron l i fe t imes wi th  t h e  i n i t i a l  v a l u e  of X hela constant a t  0.05  sec’l. 
Power level  doubl ing t imes were 2.55, 2.90, and 4.2 sec f o r  prompt neutron l i fe t imes 
of 10-4, 5 x 10-4, and 3 x 10-3 sec,  respectively.  
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-_ Response-Lo Oscillakions  in  Reactivity  and  Fuel  Residence Time 
The solut ions to  the neutron kinet ic  equat ions discussed thus far  are  per t inent  
when considering gross changes i n  power level,  neutron level excursions,  and some 
aspects  of r eac to r  s t a r t -up .  Responses t o  small p e r t u r b a t i o n s  i n  r e a c t i v i t y  o r  f u e l  
decay constant must also be evaluated. This can be accomplished by developing an 
ana ly t ica l  t ransfer  func t ion  for  the  sys tem of equations and solving for neutron 
l e v e l  r e s p o n s e s  t o  r e a c t i v i t y  o r  fuel decay constant perturbations of various forms. 
A s  a n  i n i t i a l  s t e p  i n  t h e  development of such a system transfer function, the 
nuclear  kinet ics  program included an opt ion  to  in t roduce  s inusoida l  osc i l la t ions  
i n  e i t h e r  r e a c t i v i t y  o r  f u e l  decay constant. Solutions to  the  neu t ron  l eve l  equa- 
t ions provide data t o  determine the gain in  neutron level  osci l la t ion ampli tude 
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r e l a t ive  to  the  ampl i tude  of the perturbing oscil lation and the phase differences 
between the perturbing oscil lations and the neutron level response.  Gain i n  
d e c i b e l s   i n t h i ss t u d y  i s  defined as 20 )] or 
Smal l  per turba t ions  in  reac t iv i ty  of  0.10 p s i n  w t  and i n   f u e l  decay constant 
of 0.0 x ~ ,  s i n  w t  sec'l were applied to the neutron kinetic equations over a fre- 
quency range from 10-1 t o  1000 radians/sec for values of i n i t i a l   f u e l  decay con- 
s t a n t  of 0.05 sec-l   and 0.50 see-'. Prompt neutron  l i fe t ime was 5 x sec  for  
a l l  cases.  
Gain and phase responses t o  r e a c t i v i t y  o s c i l l a t i o n s  a r e  shown in Fig.  20.  For 
a n  i n i t i a l  v a l u e  of f u e l  decay constant of 0.05 sec- l ,  the  gain in  the ampli tude of 
neu t ron  l eve l  o sc i l l a t ions  r e l a t ive  to  the  ampl i tude  of o s c i l l a t i o n s  i n  r e a c t i v i t y  
was about 83 db for  f requencies  below 3.0 rad/sec; it decreased a t  a r a t e  of 20 db/ 
decade for  f requencies  above 3.0 rad/sec. The phase difference reached a minimum 
of -30 deg a t  about 0.5 rad/sec and approached an asymptotic value of -90 deg above 
50 rad/sec. The p r i n c i p a l  e f f e c t  of changing the i n i t i a l  v a l u e  of the fuel decay 
constant from 0.05 t o  0.50 sec - l  was to  increase  the  ga in  in  neut ron  leve l  
response by about 20 db throughout the frequency range of interest .  
Figure 21 presents the gain and phase response t o   o s c i l l a t i o n s   i n   f u e l  decay 
constant .  For  an ini t ia l  value of f u e l  decay constant of 0.05 sec ' l ,  the  gain in  
the amplitude of neu t ron - l eve l  o sc i l l a t ions  r e l a t ive  to  the  ampl i tude  of o s c i l l a -  
t ions  in  fue l  decay  cons tan t  was about 32 db a t  0.3 rad/sec; it decreased a t  a r a t e  
of 40 dbldecade for frequencies above 3.0 rad/sec. The phase difference was about 
-110 deg a t  frequencies below 0.3 rad/sec and approached an asymptotic value of 
-180 deg  above 50 rad/sec.  The l a t t e r  -180 deg phase difference i s  not expected t o  
cause instabi l i t ies  because gain i s  of the order  of -40 db a t  50 rad/sec. A s  was 
the  case  fo r  r e sponse  to  r eac t iv i ty  osc i l l a t ions ,  t he  p r inc ipa l  e f f ec t  of changing 
t h e  i n i t i a l  v a l u e  of fuel decay constant from 0.05 t o  0 .5  sec -1 was to  inc rease  the  
gain in  neutron level  response by about  20 db over all frequencies. 
The r eac t iv i ty  coe f f i c i en t s  i n  Tab le  I V  are r e l a t ed  to  pe r tu rba t ions  in  r eac -  
t i v i t y  as follows: A 2 1% var i a t ion  in  ope ra t ing  p res su re ,  pC, mixed-mean gas temper- 
a t u r e  , Tm, nominal operating temperature, To, or fuel  region radius ,  RF, would 
r e s u l t  i n  r e a c t i v i t y  p e r t u r b a t i o n s  of t 0.343P , 2 0.218P , +O.l8OP , and t 0.165 p ,  
respect ively.  All of these  a re  of amplitudes great enough t o  cause large responses 
i n  neutron level  at low frequencies.  However, a pre l iminary  ana lys i s  ind ica tes  
tha t  the  gas  dens i t ies  and  chamber dimensions are such that resonant oscil lations 
a r e  n o t  l i k e l y  t o  be exci ted below several  hundred rad/sec. Dynamic responses of 
engine parameters such as temperature,  pressure,  fuel cloud radius,  fuel loss  r a t e ,  
and power leve l  requi re  fur ther  inves t iga t ion ,  expec ia l ly  in  the  f requency  domains 
i n  which resonant response phenomena are possible .  
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Recommendations for Future Research 
The nuclear kinetic behavior discussed in the preceding pages is  only a small 
p a r t  of the ent i re  nuclear  l ight  bulb engine kinet ics .  The pr inciples  of  operat ion 
of the engine as conceived in  the  engine  des ign  s tudies  of Ref. 1, have been described 
previously.  The var ious coolant ,  propel lant ,  and fuel  separat ion and recirculat ion 
systems are coupled with the neutron equations through temperature and pressure 
response t o  neutron level changes, and they are coupled with one another through 
the heat exchangers and system pressure and temperature variations.  The equations 
governing these relat ionships  for  small perturbations about a nominal s teady-state  
power level should be derived and included with the nuclear equations t o   c r e a t e  a 
general engine simulation. To simplify such a s imulat ion,  t ransfer  funct ions for  
the various subsystems should be developed. An analy t ica l  t ransfer  func t ion  for  the  
neutron kinetics equations has recently been derived and is being ver i f ied using the 
complete d i g i t a l  computer so lu t ions  for  the  nonl inear  problem. 
The engine kinetics simulation should be directed toward determining (1) 
s t a b i l i t y  of the engine a t  normal full-power operating conditions, ( 2 )  fue l  con t ro l  
requirements and the i r  re la t ion  to  the  average  fue l  res idence  time, ( 3 )  sensors and 
o the r  con t ro l s  t ha t  may be r equ i r ed  to  p rov ide  s t ab i l i t y ,  ( 4 )  engine response t o  
small changes i n  f u e l  flow ra t e ,  ( 5 )  temperature and pressure transients in the 
moderator, fuel region, propellant region, and transparent walls, and (6)  t r ans i en t  
l oad ings  in  the  fue l  and  neon separation and recirculation system. Parameter varia- 
tions should be made t o  determine the parameters t o  which the  system i s  most 
s ens i t i ve .  
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NEUTRON AND GAMMA RAY HEATING CALCULATIONS 
Engine Configuration and Analytical Technique. 
Neutron and gamma ray heat ing calculat ions were performed for  the  re ference  
nuclear l ight bulb engine.  The nuclear model fo r  t he  ca l cu la t ion  of neutron and 
gamma r a y  fluxes and energy deposit ion rates was the  cy l ind r i ca l ly  symmetric con- 
f igu ra t ion  shown in  F ig .  3 and described i n  Tables I and I1 ( t h e  same geometry that 
was u s e d  f o r  c r i t i c a l i t y  c a l c u l a t i o n s ) .  The calculat ions were carried out using the 
$ADELE code described in Ref.  15. The program i s  w r i t t e n  t o  c a l c u l a t e  gamma and f a s t  
neutron radiat ion from a volume-distribuxed source having cylindrical symmetry i n  a 
complex source-shield geometry. Point kernel methods a r e  employed, us ing  a t tenuat ion  
coe f f i c i en t s  and infinite-medium buildup factors for gamma ray penetrat ion and 
neutron removal cross-sections for fast  neutron penetration. Gamma ray source 
spectra  are  specif ied by input ,  and fast  neutron spectra  are  those from neutron 
moments method ca l cu la t ions  fo r  po in t  f i s s ion  sources  in  in f in i t e  media of l i g h t  
water,  beryll ium, or graphite.  Gamma ray  a t tenuat ion  coef f ic ien ts ,  bu i ldup  fac tors ,  
and neutron removal cross-sections for a l l  elements are contained within the code. 
It was necessary t o  make several choices of data t o  perform the calculat ions.  
These choices include (1) se lec t ion  of gamma and neutron spectra in each environment, 
(2)  an est imate  of the  to ta l  de layed  gamma energy released by fission fragments dur- 
ing the approximate period in which they are  within the act ive volume of the engine, 
( 3 )  ca l cu la t ion  of  neutron elast ic  scat ter ing cross-sect ions and average energy loss 
per  co l l i s ion ,  and ( 4 )  s e l ec t ion  of gamma energy absorpt ion coeff ic ients .  
Neutron and Gamma Ray Spectra and Cross-Sections 
The f iss ion fragment  average residence t ime in  the engine"is  es t imated to  be 
of the order of 20 see. Therefore, it was assumed t h a t  t h e  most appropriate gamma 
spectrum for dose calculations would be  tha t  fo r  prompt gamma rays .  However, as 
shown in  F ig .  22, i n  t h e  20 see  a f t e r  f i s s ion  abou t  1 . 5  mev i n  gamma energy is 
released by fission fragments.  The data i n  F i g .  22 for  the delayed energy release 
by beta decay and gamma emission from f iss ion fragments  was taken from repor t s  of 
experimental measurements i n  Refs. 16 and 17. It was assumed t h a t  t h e  gamma rays 
emi t ted  shor t  t imes  a f te r  f i s s ion  would have a spectrum approximately the same as 
t h a t  f o r  prompt gammas.  The spectrum employed for gamma dose calculat ions was the 
spectrum for prompt gama rays enhanced a t  each  energy  in te rva l  in  d i rec t  p ropor t ion  
t o  t h e  r a t i o  of the integrated prompt plus delayed gamma energy released 20 see 
a f t e r  f i s s i o n  t o  t h e  i n t e g r a t e d  prompt gamma energy release alone. The gamma energy 
group s t ructure ,  the prompt gama spectrum, and the normalized spectrum employed i n  
the  ca lcu la t ions  a re  shown i n  Table V I .  The prompt gamma spectrum was taken from 
Ref. 18. 
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It can be seen that beryllium oxide i s  t h e  dominant moderator material i n   t h e  
core  regions of  the cyl indrical ly  symmetric configurat ion shown i n  F i g .  3 .  For t h i s  
reason, the neutron spectrum for a poin t  i so t ropic  U-235 f i ss ion  source  in  an  
inf in i te  bery l l ium medium was chosen as the spectrum t o  be used for the neutron 
dose calculations.  These spec t ra  were obtained from the moments ca lcu la t ions  of 
Ref. 19 and were i n t e r n a l  t o  t h e  Q,ADHD code desc r ibed  in  Ref. 15 .  
The neutron heating rates and dosages deposited i n   t h e  materials are a r e s u l t  
pr imari ly  of e l a s t i c  s c a t t e r i n g  of fast neutrons.  The e l a s t i c  s c a t t e r i n g  c r o s s -  
sect ions were calculated using the G A " 1  fast neutron cross-section code described 
i n  Ref. 7. It was assumed that  the average energy degradat ion per  scat ter ing 
event, AT, was given by 
where Ei i s  the average neutron energy in group i, A is  the atomic weight of the 
scattering element, and cos 8 i s  the average cosine of t he  sca t t e r ing  ang le  in  the  
center  of mass coordinate  system.  Table V I 1  contains  the scat ter ing cross-sect ions 
and average energy degradation per group used for the calculation of neutron 
heating and dosages. 
-
The  gamma energy absorpt ion coeff ic ients  were obtained from Ref. 18. Values 
of these coefficients over the energy range from 0.5  t o  10 mev a r e  shown i n  Table V I I I .  
The  gamma f luxes  ca l cu la t ed  in  the  QADHD code were obtained with the use of the light 
water buildup factors. 
Results of Neutron and Gamma Ray Heating Calculations 
Neutron and Gamma Ray Heating in Different Regions 
Results are presented in Table I X  for th ree  d i f fe ren t  average  fue l  res idence  
times (1.0, 20.0, and  60.0  sec). For these average fuel  res idence t imes,  the f iss ion 
fragment and beta energy release rates in the fuel regions were 4036, 4131.6, and 
4147.6 megw, respec t ive ly .  The corresponding neutron and gamma ray energy release 
r a t e s  i n  the  ac t ive  co re  were e s t i m a t e d  t o  be 296, 325, and 342 megw, respect ively,  
and the corresponding rates of energy release from delayed beta particles and gamma 
rays in  the fuel  separat ion and recirculat ion system were e s t i m a t e d  t o  be 268, 143.5, 
and 110.5 megw, respec t ive ly .  It was assumed t h a t  a l l  of the f iss ion fragments  were 
separated from the  fue l  i n  the  fue l  s epa ra t ion  and recirculation system and that the  
delayed gamma ray energy was t o t a l l y  absorbed by the heavy metals i n   t he   t u rb ine ,  
pumps, heat exchangers, plumbing, and support s t ruc tu re  in  the  uppe r  end w a l l  of 
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the  pressure vessel .  It was a l s o  assumed that the delayed beta decay energy was 
absorbed within the working fluid o r  inner piping surfaces of the  fue l  separa t ion  
and recirculation system. Therefore, two heat exchanger region heating rates a r e  
shown in Table  IX; one is for  hea t ing  from neutron and gamma sources  in  the  ac t ive  
core and one i s  fo r  t he  hea t ing  due t o  delayed gamma rays  and  be ta  par t ic les  wi th in  
the fuel separation and recirculation system. In a l l  cases ,  total  volumetr ic  heat-  
i ng  r a t e s  were normalized such that the neutron energy release rate was 117 megw, 
and the gamma ray  energy  re lease  ra te  was 303 megw, for a t o t a l  of 420 megw. Se l f -  
absorption of energy by the nuclear fuel was neglected.  
The d i s t r i b u t i o n  of power deposi ted in  var ious components f o r  a to ta l  engine  
power of 4600 megw and an average fuel residence time of  20 sec was c a l c u l a t e d  t o  be 
as follows: fuel region, 4131.6 megw; moderator  region,  210.6 megw; heat  exhanger 
region, 144 megw; hot gas region between f u e l  and cav i ty  walls, 74.9 megw (including 
58.7 megw i n  t h e  hydrogen propel lan t ) ;  p ressure  she l l ,  17.4 megw; and leakage out of 
reactor, 21.5 mew. 
One of t he  p r inc ipa l  r e su l t s  of the neutron and gama ray heating calculations 
was the s t rong sensi t ivi ty  to  changes in  average fuel  res idence time. A s  discussed 
above, it i s  assumed that  the delayed energy release from f i s s i o n  i s  shared between 
the act ive core and the  fue l  separa t ion  and  rec i rcu la t ion  sys tem such  tha t  the  to ta l  
delayed energy release i s  constant.  The fue l  r ec i r cu la t ion  sys t em hea t  load due t o  
both delayed gamma rays  and  be ta  par t ic les  var ies  from 268 t o  1 1 0 . 5  megw as average 
fuel  res idence t ime var ies  from 1.0 t o  60 sec .  In  comparison, the heat  load in  the 
moderator and structure, plus some leakage, varies only from  296 t o  342 mew. Note 
tha t  these  energy  re lease  ra tes  do not equal the 420 megw t o t a l  quoted above because 
of the  addi t ion  of de layed  be ta  energy  re lease  to  the  rec i rcu la t ion  system. The most 
des i rab le  in le t  condi t ion  2 3  maintain as s t ab le  as possible i s  the t ransparent  w a l l  
coolant injection temperature.  The present coolant circuit  design (see schematic 
diagram in  F ig .  8 of Ref. 1) places  a neon-hydrogen heat exchanger in a p o s i t i o n  t o  
couple  var ia t ions in  fuel  recirculat ion system heat  loads direct ly  to  the t ransparent-  
wall coolant inlet conditions. Furthermore, heat Loads i n  t h e  f u e l  and neon separation 
and recirculat ion system are  greater  than assumed i n  Ref. 1 while  heat  loads to  the 
bulk beryllium oxide and graphite moderator are smaller than assumed i n  Ref. 1. 
Further engine design work w i l l  be required t o  arrange the heat exchanger positions 
in  the  coolan t  c i rcu i t  sys tem and  poss ib ly  a l te r  the  sequence of cooling various 
engine components in order to maintain coolan* inlet  and outlet  temperatures a t  the 
desired levels throughout the system. 
Two o the r  r e su l t s  of i n t e r e s t  were (1) the magnitudes of energy leakage from 
the system and ( 2 )  the amounts of d i rec t  hea t ing ,  pr inc ipa l ly  by neutrons of hydrogen 
propel lant  in  the hot-gas  regions.  The r a t e  of energy leakage from the ent i re  system 
was ca lcu la ted  to  be  6 .2  mew fos neutrons and 13.2,  15.3, and 16.6 megw f o r  gamma 
rays  for   average  fuel   res idence  t imes of 1.0, 20, and 60 sec,   respectively.   Direct 
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heating of hydrogen propellant located between the fuel  regions and cavi ty  walls by 
neutron energy degradation was ca l cu la t ed  to  be  54.3 megw. This can be verified 
approximately by considering the cross-section for energy degradation for 2.0 mev 
neutrons fromTable VI1 i n   w h i c h a & =  0.016 mev/cm f o r  hydrogen a t  4000 R under 500 a t m  
pressure.  The mixed mean hydrogen temperature i n  the hot gases was ca l cu la t ed  to  be  
about 5100 R and the mean f i r s t - f l igh t  t rack  length  across  the  hot  gas  reg ions  for  
neutrons emitted isotropically should be of the order of 1 = 45 cm. Assuming 2.5 
neutrons are emit ted per  f iss ion,  that  the neutron energy released per  f iss ion i s  
4.9 mev, and t h a t  t h e  t o t a l  r a t e  of neutron energy release i s  117 megw, the energy 
depos i ted  in  hydrogen by f i rs t  f l i g h t   t r a v e r s a l s  of the hot gases should be given by 
$ x p  = (4000/5100)(2.5)(117/4.9)(45)(0.0~6) = 34 megw. The addi t ional  energy 
depos i t ion  resu l t s  from addi t iona l  t raversa ls  of  the  hot  gas  reg ions  and  from the 
proport ionately larger  energy degradat ion per  col l is ion for  neutrons in  the high-  
energy end of the neutron spectrum relative to lower-energy neutrons (see Table VII). 
- Transparent-Wall Dosages  and  Comparison with  Reactor Tests 
An experimental program has been under way for  several  years  a t  UARL t o  d e t e r -  
mine the  opt ica l  absorp t ion  proper t ies  of  candidate  mater ia ls  for  the nuclear  l ight  
bulb transparent walls i n  a neutron and gamma ray radiation environment.  Optical  
absorption measurements have been made for  var ious samples a f t e r  i r r a d i a t i o n  i n  t h e  
Union Carbide t e s t  r e a c t o r  and  dur ing  i r rad ia t ion  in  a TRIGA t e s t  r e a c t o r  (Refs’. 20,21, 
22, and 2 3 ) .  The present  calculat ions were performed t o  o b t a i n  a be t te r  es t imate  than  
previously available of the  leve l  of  gamma and neutron dosages t o  which the t ransparent  
walls i n  a full-scale nuclear l ight bulb engine would be exposed, and t o  compare these 
wi th  the  dosages  repor ted  for  the  reac tor  i r rad ia t ions .  
The neutron heating and dose ra tes  depos i ted  in  the  nuc lear  l igh t  bu lb  t ransparent  
w a l l  a r e  shown i n  Table X .  These r e s u l t s  a r e  f o r  t h e  midplane of t he  cen te r  ce l l  o f  
the  seven  uni t  ce l l s  (F ig .  3 ) .  The neutrons passing through the internal transparent 
w a l l  of t h e  c e n t e r  c e l l  e x p e r i e n c e d  l i t t l e  or  no scat ter ing in  passing through the 
neon l aye r  between the  fue l  and  the  wall, while  the neutrons enter ing the center  cel l  
transparent w a l l  from the  s ix  ou te r  unit cel ls  pass  through a l aye r  of BeO. It would 
be expected, therefore, that the fast  neutron spectrum seen by the t ransparent  w a l l  
would be similar t o  t h a t  c a l c u l a t e d  f o r  a po in t  i so t rop ic  f i s s ion  source  in  an  
i n f i n i t e  medium of beryllium. The f a s t  neu t ron  f lux  at the t ransparent  wall a t  the  
midpiane of the  center  un i t  -e l l  ca lcu la ted  by  the  WED code w a s  e s sen t i a l ly  equa l  
t o  t h a t  r e s u l t i n g  from the one-dimensional, 24-group neutron transport-theory cal-  
culat ions.  
The calculated gamma hea t ing  ra tes  and dose rates and total  heat and doses received 
in  the t ransparent-wal l  mater ia l  of  the ful l -scale  engine.are  presented in  Table  X I .  
The t o t a l  gamma rad ia t ion  which could be expected t o   d i r e c t   i t s e l f  toward the t ransparent  
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wall in  the  cen te r  ce l l  shou ld  be  4/7 of t h e   t o t a l  gamma energy emission, l/7 coming 
from i n s i d e  t h e  c e n t r a l  c e l l  p l u s  3/7 coming from the  six ex te rna l  unit c e l l s .  The 
mean bui ldup  fac tors  for  the  gamma rad ia t ion  a r r iv ing  a t  tbe transparent  wall of the 
c e n t e r  c e l l  a r e  r a t h e r  low. This i s  t o  be expected because the Be0 between the  center  
c e l l  and  the  ex terna l  ce l l s  i s  r e l a t i v e l y  t h i n ;  t h e  r a d i a t i o n  from t h e  c e n t e r  c e l l  
passing through the internal  t ransparent  wal needs to  pene t ra te  on ly  the  very  d i f fuse  
neon between the fuel  region and the t ransparent  wall. The p a r t i c u l a r  l o c a t i o n  of 
the  t ransparent  wal chosen should be exposed t o   t h e  m a x i m u m  gamma energy flux. 
Comparisons  of the   rad ia t ion   envi ronment   in   the   nuc lear   l igh t   bu lb  and the  . 
Union Carbide and TRIGA t e s t  r eac to r s  a re  p re sen ted  in  Tab le  X I I .  The main points  
of in te res t  a re  the  compar isons  of to ta l  neut ron  and  gamma heat depositions and 
the comparisons of the ratios of gamma t o  neutron heat  deposi t ion in  the different  
radiation environments. The to ta l  hea t  depos i t ion  in  the  engine  dur ing  a 1000-sec 
operating time i s  of t he  same order of magnitude as tha t  exper ienced  in  the  Union 
Carbide t e s t  r e a c t o r .  However, t he re   a r e  two major   d i f fe rences .   F i r s t ,   the   ra t io  
of gamma t o  neutron heat deposition in the engine i s  approximately 9.3. The  same 
r a t i o  f o r  t h e  Union Carbide t e s t  r e a c t o r  is  about 20. There are  three causes  for  
t h i s  d i f f e rence .  F i r s t ,  t he  gamma ene rgy  r e l ease  in  the  Union Carbide test r eac to r  
i s  from f i ss ion  f ragments  in  equi l ibr ium whereas in  the engine the f iss ion fragments  
a re  present  for  on ly  20 see, thus making the gamma energy  re lease  in  the  Union 
Carbide reactor higher by 5.2 mev per  f iss ion,  an increase of about 50% above the  
8.7 mev per  f iss ion release in  the engine.  This  factor  a lone does not  account  for  
t h e  d i f f e r e n c e  i n  t h e  r a t i o  of gamma t o  neutron heating, however.  Another f a c t o r  
of considerable importance i s  that the spectrum of f a s t  neu t rons  in  the  Union 
Carbide t e s t  r e a c t o r  i s  qu i t e  d i f f e ren t  s ince  it i s  the spectrum i n  l i g h t  w a t e r  
ra ther  than beryl l ium. Calculat ions using the different  spectra  have indicated 
t h a t  t h e  e f f e c t  of a l ight water spectrum would reduce the heating dose due t o  
f a s t  neu t rons  to  abou t  80% of t h a t  which would resu l t  us ing  a beryllium spectrum. 
These  two f a c t o r s  s t i l l  do not  account  for  the difference in  the two r a t i o s .  The 
f i n a l  f a c t o r  must be  re la ted  to  the  d is tance  between fuel  e lements  and the locat ion 
of t h e  t e s t  sample, i . e .  , the  amount of l i gh t  wa te r  i n  the  in t e rven ing  space  in  the  
Union Carbide t e s t  r e a c t o r .  J u s t  a few inches of light water would remove a g rea t  
many  of the  fas t  neut rons  c rea ted  by f i ss ion  events  in  the  fue l  e lement .  Gamma rays 
i n  t h i s  same environment have f a r  g rea t e r  pene t r a t ing  powers  and, therefore ,  a re  
not degraded t o  such a large degree as the fast  neutrons.  Comparison with the TRIGA 
r e a c t o r  i n d i c a t e s  t h a t  t h e  r a t i o  of t o t a l  gamma to  to t a l  neu t ron  ene rgy  depos i t l on  
is  160 as compared t o  20 i n  t h e  Union Carbide reactor and 9.3 i n  t h e  f u l l - s c a l e  
nuclear l ight bulb engine.  An explanat ion for  these differences i s  tha t  the  exper i -  
mental  locat ion for  the sample i n  t h e  TRIGA r eac to r  was i n  a beam por t  fur ther  away 
from an  ac t ive  fue l  e lement  than  in  the  case  of the Union Carbide reactor in which 
the sample was placed within the fuel element matrix. This would account  for  an 
even lower relative neutron dose rate a.t. t he  sample loca t ion .  
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Dosages i n   t h e  Filament-Wound Fiberglas  Pressure Vessel  
Studies  of  f iber-wound pressure vessels  reported in  Ref. 1 indicated that the  
nuc lea r  r ad ia t ion  l eve l s  i n  the  p re s su re  ves se l  o f  a nuclear l ight bulb engine could 
potent ia l ly  degrade the s t rength of  a f iberglas  laminate .  
Results of neutron and gamma ray dose rate  calculat ions for the  pressure  vesse l  
a r e  shown i n  Table X I I I .  The upper pressure vessel i s  protected from both neutron 
and gamma rays  pr inc ipa l ly  by  the  wide heat exchanger region containing both heavy 
metals and pressurized hydrogen gas at 2000 R .  On the  o ther  hand, the lower pres- 
sure vessel  i s  not  near ly  as wel l  protected due to  the  pene t ra t ions  through the  end- 
wall moderator  mater ia ls  by the thrust  nozzles  (see Fig.  3 ) .  Therefore , t he re  are 
large differences between the average and peak dose r a t e s   i n   t h e  two end-wall pres- 
sure  vessel  segments as wel l  as l a r g e  d i f f e r e n c e s  i n  t h e  r a t i o  of peak-to-average 
dose r a t e s .  
The average dose rate for the entire fi lament-wound fiberglas pressure vessel  
was c a l c u l a t e d  t o  be 0.17 mrad/sec. This would a l low about  s ix  fu l l  power runs of 
1000-sec duration before the total  dose became 1000 mad, the estimated allowable 
dosage before degraaation of the laminate strength commences.  However, hot spots,  
p a r t i c u l a r l y  i n  t h e  lower pressure vessel with dose rates as h igh  as  3.69 mrad/sec 
were calculated.  Further  invest igat ion i s  r e q u i r e d  t o  (1) ver i fy  more accurately 
for nuclear reactor radiation environments the threshold dosages which l e a d   t o  
laminate strength degradation and (2)  to  inves t iga te  the  poss ib i l i ty  of  inc luding  
a heat  shield across  the inner  w a l l  of the lower pressure vessel  to reduce i ts  
radiation exposure.  
Evaluation of Other Neutron and Gamma Ray S,ources 
There are other sources of neutrons and gamma rays  to  cons ide r  when est imat ing 
the  to t a l  neu t ron  and gamma heating rates and doses.  These sources include (n, en), 
(Y, n) ,  and  (n, Y) reactions.  Table X I V  contains the candidate reactions considered 
and Table XV conta ins  the  ca lcu la ted  source  s t rengths  re la t ive  to  the  to ta l  neut ron  
and gamma energy deposit ion rates by region. Secondary sources due t o  thermal 
neutron capture (n,Y) were calculated using the group-4 f luxes  from two-dimensional 
diffusion theory calculat ions for  the reference engine.  The average cross-sections 
l i s t e d  i n  Table X I V  a r e  f o r  2200  m/sec thermal neutrons. These cross-sections were 
ad jus ted  in  each  reg ion  by  the  ra t io  of the average group-4 hydrogen absorption 
cross-sect ion divided by the 2200  in/sec absorption cross-section for hydrogen. The 
(n,  2n)  react ion rat ios  were ca l cu la t ed  d i r ec t ly  from the two-dimensional neutron 
d i f fus ion  theo ry  r e su l t s .  Gamma fluxes used t o  c a l c u l a t e  ( Y ,  n)  reac t ion  races  
were taken from the QADHD resu l t s  for  each  reg ion .  
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It can be seen from Table XV that  the o n l y  secondary sources of substantial  
s ignif icance are those due t o  (n, Y )  r e a c t i o n s  i n  the pressure  vesse l  which contr ibute  
a p o t e n t i a l  gamma source equal t o  about 16.5 percent of the energy deposi t ion rate  
from fission sources. Although appreciable in absolute magnitude, the contribution 
by these (n, Y )  reac t ions  i s  not considered t o   b e  of enough s igni f icance  to  cons ider  
i n  de t a i l  fo r  pu rposes  of supplementing t h e  fission neutron and gama ray heating 
and dosages. It can be seen from Table XV t ha t  the mgnitudes of  the remaining 
secondary sources relative t o   t h o s e  from f iss ion neutrons and g a m a  r a y s  a r e  i n  a l l  
reg ions  less  than  5% of t h e  t o t a l  energy deposit ion rate by region. 
Recommendations for Future Research 
There are two p r i n c i p a l  a r e a s  i n  which fu r the r  work i s  indicated.  The sequence 
of cooling various engine components and the posi t ioning of heat exhangers i n   t h e  
system should be rearranged t o  i n s u r e  that the inlet  temperature of the t ransparent  
wall coolant and other coolant inlet  and outlet  conditions throughout the system are 
maintained at the  des i red  leve ls .  In  addi t ion ,  a l i t e ra ture  search  should  be 
conducted t o  determine the radiat ion dosage threshold in  a r eac to r  environment 
above which degradation of  the s t rength of  f iberglas  laminates  commences and ca l -  
culations should be made of the thicknesses and weights of radiation shields which 
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Atomic mass number, dimensionless 
Effective area of nozzle  throat ,  f t 2  
Step function coefficient,  dimensionless 
Delayed neutron precursor density, precursors/cm 
Ramp funct ion  coef f ic ien t ,  sec  
2 
-1 
Average neutron scattering angle in center-of-mass coordinate system 
Neutron energy, ev or MeV 
Mean neutron energy for group i, MeV 
In terna l  modera t ion  f rac t ion  ( see  tex t  for descr ipt ion) ,  dimensionless  
Radial  moderator  f ract ion,  ra t io  of moderator mass i n  r a d i a l  d i r e c t i o n  
t o   t o t a l  moderator mass, dimensionless 
Effective multiplication factor,  dimensionless 
Prompt neutron l i fe t ime,  sec 
Mean f i r s t - f l i g h t  t r a c k  l e n g t h ,  cm 
Mss, l b  
C r i t i c a l  mass, l b  
Neutron l eve l ,  neutrons/cm3 
Ratio of power per  un i t  cav i ty  between inner  and outer  cavi t ies ,  
dimensionless 
Nominal chamber operating pressure,  atm 







LIST OF SYMBOLS (Continued) 
Absolute  temperature,  deg K or deg R 
Mixed  mean  propellant  temperature,  deg K or deg R 
Time,  sec 
Neutron  velocity,  cm/sec 
Delayed  neutron  fraction,  dimensionless 
Delayed  neutron  fraction  in  itb  group,  dimensionless 
Fractional  change  in  effective  area  of  nozzle  throat,  dimensionless 
Average  energy  degradation  per  neutron  scattering  collision,  MeV 
Fractional  change  in  effective  multiplication  factor,  dimensionless 
Fractional  change  in  fuel mass, dimensionless 
Fractional  change  in  hafnium mass, dimensionless 
Fractional  change  in  tungsten mass, dimensionless 
Fractional  change  in  nominal  chamber  operating  pressure,  dimensionless 
Fractional  change in fuel  region  radius,  dimensionless 
Fractional  change  in  nominal  operating  temperature,  dimensionless 
Fractional  change  in  mixed  mean  propellant  temperature,  dimensionless 
Reactivity,  dimensionless 
Fractional  change  in  fuel  decay  constant,  dimensionless 
Fuel  decay  constant, sec-l 
Decay  constant  for  ith  delayed  neutron  precursor, sec' 1 
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LIST OF SYMBOLS (Continued) 
Gamma ray absorpt ion coeff ic ient ,  cm’l 
Macroscopic sca t te r ing  c ross -sec t ion  f o r  neutrons , cm-l 
Microscopic absorption cross-section, barns 
Microscopic fission cross-section, barns 
Microscopic scattering cross-section, barns 
Microscopic transport  cross-section, barns 
Mean l i f e t i m e  of ith delayed neutron precursor, sec 
Frequency,  rad/sec 
Denotes nominal operating condition 
Denotes neutron energy group 
38 
TABLE I 
COMPOSITIONS OF REGIONS EMpII)I[ED I N  
ONE- AND TWO-DIl.l€3lSIONAL CALCWIONS 
FOR FSFERENCE ENGINE 
Geometry and Dimensions of 
Regims Stmvn In Fig. 3 
I- ~ ~~ ~ Region ~~ V~lume Fractions .. ___ . - .. Ne  Ne  SiO, & H2 H & a1  Be Be3  C Hf ss W-nat 
No. 15,000 R 2000 R 2000 R Zoo0 R l Z , O 0 0  R Y , O O O  R L T O  R 1.360 R 1000 R 2529 R 4086 R 1000 R 1000 R 4000 R Description 
Fuel* 5, 9 
Hot Gases 6, 8, 10 0.1327 0.0572 0.0289 0.2031 0.2500 0.2355 0.0769 0.0002 0.0134 
1 Inner Bd) 7 
I 
- 0.0073 0.0422 0.2192 - 
,' Upper Be€ - 0.0061 0.0371 0.0960 - - 0.1611 0.0005 0.0137 0.6953 0.0056 0.0035 ! 
- 0.0025 0.0190 0 . 2 6 7  - - 0.0640 0.7802 0.0066 - I  ' Outer BeO 11 
1 bwer  BeO - 0.0022 0.0171 0.1140 - - 0.0576 0.7022 0.0059 
Outer  Graphite 12 - 0.0486 - 0.0011 - 0.9503 
Upper Graphite 3 - 0.0061 0.0071 0 . 0 9 8 ~  - - 0.1611 0.0005 0.0137 - 0.6909 0.0035 
L o w e r  Graphite 15 - 0.1437 0.0310 - 0.8554 
Nozzles 13 - 0.5143 0.4851 
Ressu re  Vessel** 1 
Heat Exchanger 2 - 0.8700 - - 0.1260 0.004 
- 0.0183 0.6918 0.0194 
I I 1 - ,  
* Fuel region volume fractions in a mixture of U-233 and Ne were varied to achieve cri t icali ty with the constraint  tb t  the  sum of 
the U-233 and Ne atom dens i t i e s  vas equal  to 9.0 x atoms/cm'. 
+x Pressure vessel composition vas as follows: Volume fract ion of f iberglass  and resin = 0.80 
Volume fract ion of  internal  hydrogen ccolant (4  a: 432 R ,  250 atrnl= 0.20 
Composition of f iberglass  and resin Lnminate by weight: 
Resin, C6H, ( N H 2 ) D  = 24.@, SiOa = 49.4$, A b O ,  = 19.@, - 7.62 
, . 
TABLE I1 
DENSITIES AND WEIGHTS OF MATERIALS EMPLOYED I N  
REFERENCE ENGINE CRITICALITY  CALCULATIONS 
Dimensions and Geometry of Regions Given i n  F i g .  3 
Composition of Regions Given i n  Table I 
- 
h t e r i a l  
Neon, 15,000 R 
N?on, 2000 R 
S i l icon  d ioxide ,  2000 R 
Hydrogen, 12,000 R 
Hydrogen, 4000 R 
Hydrogen, 2000 R 
Aluminum, 1360 R 
Beryllium, 1000 R 
Beryllium Oxide, 2529 R 
Graphite , 4068 R 
Hafniwn, 1000 R 
Pressure Vessel, 432 R 
S t a i n l e s s  S t e e l ,  1000 R 
Tungsten, 4068 R 
Hyarogen, 432 R 
Mass Density - 
















Tota l  Mss i n  a l l  














7394 * 0 
550.0 
67 - 9  
TOTAL* 72407 * 7 - I 
*See Text  (Note : not  equal  to  weight  in  Ref .  1) 
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TABLE I11 
NEUTRON ENERGY GROUP STRUCTURES USED I N  
CRITICALITY CALCULATIONS 
- 
8 3.35 x loJ 
9 5.83 x lo2 
10 1.01 x 102 
11 29 .o 
5.83 x lo2 





- . "" ~ 
12 8.32  3.06 
13  3.06 2.38 
14 2.38 1 1.86 
15  1.86  1.44 
16 1.44 1 1.125 
17 1.125 
0.0 24 - ' 0.015 
0.015 23  0.05 
0.05 22 0.1 
0.1 21 0.2 
0.2 20 0.3 
0 .3  19 0.414 
0.414 18 0.685 
0.685 
. - . - . . - . . . " ._ 
, " ~ .  " ." .... "" 
Group Number f o r  
Four-Group 
St ruc ture  Used . 
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TABLE OF REACTIVITY COEFFICIFJTCS 
FOR  REFERENCE ENGINE 
Mater ia l  
or Region 
u-233 
Neon & Hydrogen 
Gases, All Regions 
All Regions 
Hydrogen Gases 
In  P rope l l an t  Region 
Fuel Region 
Hafnium I n  Upper 
End Walls 
Tungsten I n   P r o p e l l a n t  
Gases 
Tungsten In Nozzle 
Gases 
Reac t iv i ty  
Value Coeff ic ien t  
Numerical 





DEIAYED NEUTRON YIELOS FOR U-233 




Life,  7i Constant, X i  
0.321 3.12 
0.788 
0.131 7 -650 
0.303 3.300 
1.27 
29. goo 0.0335 




























































* Normalization accounts for a t o t a l  prompt gamma energy release of 7.2 MeV plus 
















TABLE V I 1  





























= E [ 2 A / (  1 + A ) 2 ]  ( l - c T e )  
1 calculated  using  the GAM-I Code, Ref. 7 
A T I S  for  a specified material  = 
where j denotes  atomic  consti tuents  of  mterial  molecule. 
Msterial  densit ies and compositions given in Tables I and 11. 
3 
























Sta in less  







































































































TABLE V I 1 1  
GAMMA RAY ENERGY ABSORPTION COEFFICIENTS  FOR ENGINE MATERIALS 
p a =  P [ P ~ / P ]  - cm-l 
[pa lp]  taken  from Ref. 18. 
















Energy Absorption Coefficients for Specified Material,pLP 
S ta in l e s s  
A 1  S t e e l  
0.07720 0.26000 





0.19600  0.05720 
0 : 20000 
0.05560  0.19600 
0.05400 
0.19700 0.05180 
0.19600  0.05290 
0.19500 

























































































































NEUTRON, GAMMA RAY, AND TOTAL HEATING BY REGION I N  NUCLEAR LIGHT BULB 
ENGINE FOR DIFFERENT AVERAGE FUEL  RESIDENCE  TIMES 
To ta l  Power = 4600 megw = 1 . 5  x lo2' F iss ions /sec  = 4.37 x lo6 Btu/sec 
Gamma Ray and Beta Particle Energy Release as a Function of Time a f t e r   F i s s i o r  
of U-233 Shown in  F ig .  22 
Geometry and Composition of Regions Given in  Tab les  I and I1 and i n  Fig. 3 
. .. . _ .  . ~ . ... . . . t - , " - " - .. Heat Deposition Rate, megw Average Fuel Region 
















Heat  Exchanger* 
Fuel" 
Hydrogen Propellant 
Between Fuel and 
Cavity Walls 
TOTAL 
-r. Average Fuel Average Fuel 
g,O sec 
To ta l  












. .  . .. . 





Time = 60.0 sec 
Gama Tota l  
10.23 













-. " "___ 
260.11 































Tota l  





" ~. ...... ~- 
" ... " 
0.36  2.31 
2.61 18.44 




10.73  38.78 
0.08 
12.99  4.09 
24.26 4.99 
" 
- - .. .  . . .. . . "" 
















































.. - . . - - 















* Delayed gamma. and beta energy deposited in me1 separation and recirculation system. 
++++ Fission fragment and beta energy deposited in active core.  
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TABLE X 
NEUTRON HEATING AND DOSE RATES I N  TRANSPARENT WALL 



























L i m i t s  
MeV 
12.0-9.0 











I n  SiO2, 
Mev/cm3-sec 
4.32 x 1Ol2 
6.73 x 10l2 
2.87 x 10l2 
3.88 x d 2  
9.28 x d 2  
1.03 x 1 0 ~ 3  
2.02 x 1013 
1.96 x d - 3  
9.33 x 1012 
4.17 x 10l2 
9.07 x 10 13  
Dose Rate 
I n  Si02, 
Rad/ se c 
















1 3  
TABU X I  
GAMMA RAY HEATING AND DOSE RA!i?ES I N  TRANSPARENT WALL 




2.23 x 1.015 
2.92 X 10 1 5  
1.99 x 1 0 ~ 5  
1.75 x 1 0 ~ 5  
1.16 x 1 0 ~ 5  
7.23 x 
3.50 x 101~ 
4.21 x 10 14 
1.76 X 10 14 
1 .55  x 10 
1.54 x 10 
14 
14 
6.89 x 1 0 ~ 3  
4.25 x 10 13 


















I n  Si02 
Direct Beam, 
Mev/cmj-sec 
1 .65  x 1014 
2.02 x 1014 
1.27 x 1014 
1.05 x 1014 
6.53 x 1013 
3.91 x 1 0 ~ 3  
1.82 x 10~3 
2.13 x 10 13 
8.58 x 101~ 
7.43 x 10 12  
7.22 x 10l2 
3.17 x 10" 
1.98 x lou 
7.70 x 101~ 
Heating Rate 
I n  Si02 
With Buildup, 
Mev/cu?-sec 
1.94 x 1014 
2.23 x 101~ 
1.36 x 1014 
1.11 x 1014 
6.G x 
4.07 x 1 0 ~ 3  
1.89 x d 3  
2.19 x 1 0 ~ 3  
8.85 x d 2  
7.63 x 10l2 
7.43 x 10l2 
3.28 x 10l2 
1.99 x 10l2 
8.44 x 
md/sec  
1.05 x lo6 
1.28 x 10 6 
8.06 x 105 
6.67 x 105 
4.15 x 105 
2.48 x 10 5 
1.16 x 105 
1.35 x 10 5 
4 
4 
5.45 x 10 
4.72 x 10 
4.58 x 104 
2.03 x 103 
1.23 x 103 
4.89 x lo6 
Dose Rate Dose Rate 
I n  Sio, 
~ I n  sio2 




1.23 X 10 6 
1.42 x lo6 
8.64 x lo5 
7.05 x 105 
4.33 x 105 
2.58 x 105 
1.20 x 105 
1.39 x 105 
5.62 x 104 
4.85 x 104 
4.72 x 104 
2.08 x 103 
1.26 x 103 
5.36 x lo6 
Conversion  Factor: (Mev/cm3-sec) x 0.635 x = Rad/sec i n  Si02 
*Average Value. 
TABLE X I 1  
COWARISON  OF  TRANSPARENT WALL FLUXES, DOSE  RATES, AND DOSAGES  FOR NUCLEAR LIGHT BUG3 
AND TEST REACTOR CONDITIONS 
Reactor 
Nuclear Light Bulb 
Union Carbide Test 
Reactor  (Core) 
Triga (Beam Port)  
Reactor 
Nuclear Light Bulb 
Union Carbide Test 
Reactor  (Core) 
Triga (&am Port)  
Time , 
neutron/cm2-sec 




2.08 x 10 9.07 x 10l6 
1.03 x 107 4.50 x lo1’* 1.60 x 10~7 
1.62 x 109 7.08 x 2.12 x 10 12 
Gamma 
Mev/cm3-sec Mev/cm3-sec Rad/hr 
Deposition, Heating Rate, Dose Rate, 
Gamma Heat GaIlUlB, 
1.93 x d o  8.44 x 1017 8.44 x 1014 
2.00 x lo8 9.00 x 10 
3.40 x 1014 1.14 x 1Ol6 2.60 x 1011 
3.20 x 10l8 12 
Total Neutron Total  Neutron 
and Gamma and Gamma Heat 
Dose Rate, 
Rad/hr 
2.14 x 1O1O 9.35 x 1017 
2.10 x 108 3.36 x 10l8 
2.62 x lo1’ 3.42 x 1014 
I 
*Ratio of f a s t  neu t ron  hea t ing  r a t e  t o  fast neutron f lux different  from t h a t  f o r  Nuclear Light Bulb 
t o  c o r r e c t  f o r  d i f f e r e n c e s  between Be and H20 i n f i n i t e  media spectra .  
Conversion Factors: (Mev/cd-sec) x 1.6 x 10m13 = watts/cm3 
(Watts/cm3) x 27.85 = Btu/ft3-sec 
(Mev/cm3-sec) x 0.229 x = Rad/hr 
TABU XI11 







Upper I I Lower 
Pressure 





"" . r 
Neutron 
Pressure  Vessel I 
Region j Average* 
I 
Upper Pressure I 




Vessel j 45J900 
- 
Peak-to-Ave . ** 
Rat i o  












93 J 250 
lotal  
Peak-to-Ave . * 




* Averaged over  ent i re  volume of specified pressure vessel  region 
** Peaks occur a t  poin ts  on diagram denoted by  X .  
TABLE X I V  
Material  



















FEACTIONS  YIELDING SECONDARY NEUTRON AND GAMMA 
RAY SOURCES 

























." - . .- . .- . - - - . . 
0.30 
0.001 
















* Energy threshold for (n ,  en)  react ion = 2.5 MeV 
+% Energy threshold for ( YJ n)  reac t ion  = 1.7 MeV 














































- . - . . - " - . .- -. . . -. . - . 
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TABLE XV 
COMPARISON OF SECONDARY  NEUTRON AND GAMMA RAY 
SOURCES TO TOTAL-ENF3GY DEPOSITION RATES BY REGION 
Total  Energy Deposition Rates Taken From Table IX For 
Average Fuel Residence Time = 20 .O Sec 
Secondary Source Strengths < 0.001 mew Ignored 
Secondary Source Reaction Described i n  Table X I V  
" .- I . " ........... -. .. - - .. 
Description 







...... - .... " .- . 
I 
No. and  Reaction 
...... - "" . 
7 Be-9 (n,  en) 
, =-9 ( y ,  n) 
I 0-18 (n ,  7 )  
: Sub-Total 












0-18 (n,  Y )  
Ne-22 (n,  Y )  
A1-27 (n, Y ) 
Sub-Total 
Be-9 (n,  2n) 
Be-9 ( y ,  n) 
0-18 (n,  Y )  
Sub-Total 
Be-9 (n,  2n) 
Be-9 (7, n) 
0-18 (n, Y )  
Sub-Total 
=-9 (n,  2 4  
Be-9 (7, 
0-18 (n, Y )  
A1-27 (n, Y ) 
Sub-Total 




. - . . - -. ........ ...... ". ..... .- 
Ratio of Secondary Source 
Secondary Strength to Tota l  Energy ' 
source  Str ngth,  Deposition  Rate, 
m* gw Dimensionless 














- 0.677 ! 
0.001 I 







TABLE XV (Continued) 
Region 









0-18 (n,  7 )  
Sub-Total 
~ e - 5 8  (n, Y )  
Ni-64( (n, Y ) 
Mo-100 (n,  Y )  
W-184 (n ,  Y )  
w-186 (n,  Y ) 
Sub-Total 
~ i - 1 5  (n, Y ) 
0-18 (n ,  Y )  
Mg-26 (n,  Y ) 















0 * 590 
0.697 
0.035 - 1 s  
2.874 
8 * 927 
Ratio of Secondary Source 











SCHEMATIC DIAGRAM OF REFERENCE  NUCLEAR  LIGHT  BULB  ENGINE 
I 
I 
k 14.50 FT I 
I 
I NEON - I NUCLEAR FUEL I I 
PUMP , 
AND PL 





1".1 1111 I I I I I 11111 
FIG. 2 




BASIC CYLINDRICAL GEOMETRY  USED FOR ONE-  AND  TWO-DIMENSIONAL NUCLEAR 
LIGHT  BULB  CRITICALITY CALCULATIONS 
CIRCLED NUMBERS INDICATE REGIONS DESCRIBED IN TABLE I 
TOTAL WEIGHTS OF MATERIALS EMPLOYED GIVEN IN TABLE II 
ONE-DIMENSIONAL GEOMETRY FROM RADIAL CROSS SECTION AT AXIAL MID-PLANE 
UNCIRCLED NUMBERS INDICATE  RADIAL AND AXIAL DIMENSIONS IN CM 
384.87 c 





- ”” - 60.96- 
5.24 
1 33.95 - 
26.94 0 C 0 
I 
7.26 0 Be0 
13.76 63 HOT GASES i 
NOZZLE 
17.22 @ FUEL !!1.86@ @; 
Be0 
t 
@ 22.59 @ HOT GASES 
B e 0  
38.59 @ 
8.33  (7) Be0 I 






9.45 - 1 20.76 0 CENTERLINE I i5.54 @I+ 
!+28.84+28.24-+ 




-- UPPER  END  WALL  MID-SECTION  LOWEREND  WALL 
w 
FIG. 4 
EFFECT OF TOTAL  hlODERATOR MASS ON U-233 CRITICAL MASS 
REFERENCE ENGINE CONFIGURATION DESCRIBED IN FIG. 3 AND TABLES I AND II 








9650 L B  
0 L B l  
REFERENCE  ENGINE 
c = 24800LB 
B e 0  = 12.200 L B  
20,000 24,000 28,000  32,000 36,000 4( 
L. ~~ 
000 
MODERATOR MASS, C AND B e 0  - LB 
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EFFECT OF INTERNAL MODERATION  ON U-233 CRITICAL MASS 
AND  RATIO  F  1NNER"CAVITY  TO  UTER-CAVITY  POWER 
FIG. 5 
RESULTS FROM I-D, 4-GROUP TRANSPORT THEORY 
I-D CONFIGURATION DESCRIBED IN FIG. 3 AND TABLE I; EFFECTIVE CYLINDER HEIGHT = 620 CM 
k 2 0 9 . 4 0   C M d  
A - A  
. ~~ ~~ 
I 
FROM 2-D REFERENCE 
ENGINE CALCULATION 
"7" 




























0 0.05 0.10 0.1 5 0.20 0.25  .30 
INTERNAL MODERATION FRACTION, fIM 
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EFFECT OF RATIO OF RADIAL - TO - TOTAL  MODERATOR 
MASS ON U-233 CRITICAL MASS 
FIG. 6 
REFERENCE ENGINE CONFIGURATION DESCRIBED IN FIG. 3 AND TABLES I AND II 
RESULTS FROM 2-D DIFFUSION THEORY 
k 2 9 3 . 4 2   C M 4  
(c263.28 C M 4  

























K M  ~ T O T A L M O D E R A T O R V O L U M E  
0.3 0.4 0.5 0.6 0.7 0.8 




EFFECT OF EFFECTIVE NOZZLE THROAT AREA ON U-233 CRITICAL MASS 
REFERENCE ENGINE CONFIGURATION DESCRIBED IN FIG. 3 AND TABLES I AND D 












0 2 4  6  8 10 
EFFECTIVE AREA OF NOZZLE THROAT, A T  - FT 
61 
FIG. 8 
EFFECT OF NOMINAL  OPERATING  TEMPERATURE 
ON THE EFFECTIVE MULTIPLICATION FACTOR 
FUEL LOADING EQUAL TO 34.71 LB IN REFERENCE ENGINE 
RESULTS FROM I-D, 24-GROUP TRANSPORT THEORY; EFFECTIVE CYLINDER HEIGHT -620 CM 























































COMPARISON  OF  GROUP-4  RADIAL  FLUX  PLOTS  FOR ONE-  AND  TWO-DIMENSIONAL 
NEUTRON  DIFFUSION  AND  TRANSPORT  HEORY  CALCULATIONS 
FLUXES CALCULATED A T  AXIAL MID-PLANE AND NORMALIZED WITH RESPECT TO PEAK VALUE 
REFERENCE ENGINE CONFIGURATION DESCRIBED IN FIG. 3 AND TABLES I AND II 




--- 2-D DIFFUSION THEORY 
""" 2-D TRANSPORT THEORY 
I 
1-D TRANSPORT THEORY, EFFECTIVE 
CYLINDER  HEIGHT = 620 CM 
I 





0 INNER  FUEL  lHOT GASES1 Be0 I HOT GASES lOUTER  FUELlHOT GASES1 Be0 1 GRAPHITE 
0 50 100 
RADIAL DISTANCE - CM 
150 
FIG. 10 
THERMAL NEUTRON FLUX SPECTRA IN SELECTED REGIONS OF 
NUCLEAR LIGHT  BULB ENGINE 
I-D CONFIGURATION DESCRIBED IN FIG. 3 AND TABLE I 
RESULTS FROM 1-D, 24-GROUP TRANSPORT THEORY 
FLUXES NORMALIZED SUCH THAT INTEGRATED FISSION NEUTRON SOURCE EQUALS 1 NEUTRON/SEC 
ALL  SPECTRA  NORMALIZED  WITH  RESPECT  TO  PEAK  VALUE 
I SPECTRA  PEAK  VALUES  AND  INTEGRATED  NEUTRON  FLUX I 
PEAK  VALUES INTEGRATED FLUX 
REGION 0.0 TO 8.32 e v  
NEUTRONS/C$ -SEC-ev NEUTRONS/CMZ -SEC 





I INNER B e 0  I 0.03143 I 0.01378 I 
- PRESSURE CESSEL 
-GRAPHITE 
" O U T E R   F U E L  
"INNER Be0 
I 
0 0.4 0.8 1.2 1.6 2 .o 
ENERGY, E - ev 
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FIG. 11 
NUCLEAR KINETIC EQUATIONS 
a) NEUTRON  LEVEL 
b) DELAYED  NEUTRON PRECURSORS 
c) NUCLEAR  FUEL MASS 
d 
dt 
- M(t )  XF,M, - A F ( t )   M ( t )  
d )  REACTIVITY  FEEDBACK 
8 k ( t )  = 8k,  + 0.384 M(t) - M, 
MO 














OF POWER LEVEL WITH  STEP  AND  RAMP  CHANGES IN  REACTIVITY 
U-233 FUEL 
FUEL DECAY CONSTANT, A = 0.05 SEC” 
FO 
REACTIVITY, SkO = 0.00075 = 50.30 
PROMPT  NEUTRON  LIFETIME, P* = 0.0005 SEC 
DELAYED  NEUTRON  FRACTION, p = 0.0025 
a) RESPONSE TO STEP CHANGE IN REACTIVITY 
b) RESPONSE TO RAMP CHANGE IN REACTIVITY 
U 
0 1 2 3 4 5 
TIME AFTER REACTIVITY CHANGE, (t - t o ) -  SEC 
66 
FIG. 13 
VARIATION OF  POWER LEVEL WITH POSITIVE  STEP AND  RAMP  CHANGES 
IN  REACTIVITY FOR DIFFERENT VALUES  OF 
FUEL DECAY  CONSTANT 
U-233 FUEL 
PROMPT  NEUTRON  LIFETIME,P* = 0.OOOS SEC 
DELAYED NEUTRON FRACTION, p = 0.0025 












b) RESPONSE T O  RAMP CHANGE IN REACTIVITY 
0 1 2 3 4 5 
TIME  AFTER  REACTIVITY CHANGE, (t - t o )  - SEC 
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. . .. . . .. .. ... . -. .. " 
FIG. 14 
VARIATION OF  POWER LEVEL WITH POSITIVE  STEP AND  RAMP  CHANGES 
IN REACTIVITY FOR DIFFERENT VALUES OF 
PROMPT  NEUTRON LIFETIME 
U-233 F U E L  
FUEL DECAY CONSTANT, A, = 0.05 SEC" 
DELAYED  NEUTRON  FRACTION, p = 0.0025 
0 

















b) RESPONSE TO RAMP CHANGE IN REACTIVITY 
0 1 2 3 4 










VARIATION OF FUEL LOADING  WITH  STEP  CHANGES 
IN FUEL DECAY CONSTANT 
U-233 FUEL 
INIT IAL  FUEL MASS, Mo = 34.7 L B  
INITIAL FUEL DECAY CONSTANT, h,  = 0.05 SEC” 
0 
a) RESPONSE TO NEGATIVE STEP CHANGE IN FUEL DECAY CONSTANT 
FIG. 15 
b) RESPONSE TO POSITIVE STEP CHANGE IN FUEL DECAY CONSTANT 
0 1 2 3 4 5 
TIME  AFTER  FUEL  DECAY  CONSTANT  CHANGE, (t - t o )  - SEC 
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FIG. 16 
VARIATION OF FUEL LOADING  WITH  RAMP CHANGES IN  FUEL DECAY CONSTANT 
U-233 FUEL 
INIT IAL  FUEL MASS, M,, = 34.7 L B  
INITIAL FUEL DECAY CONSTANT, A, = 0.05 SEC” 
0 
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VARIATION OF POWER LEVEL WITH  STEP  AND I RAMP CHANGES 
IN  FUEL DECAY CONSTANT 
U-233 FUEL 
INITIAL  FUEL  DECAY  CONSTANT, hFo = 0.05 SEC" 
INITIAL  REACTIVITY, 6 0.00075 = 50.30 
K O  
PROMPT  NEUTRON  LIFETIME, P* = 0.0005 SEC 
DELAYED  NEUTRON  FRACT1ON;P = 0.0025 
a) RESPONSE TO STEP CHANGE IN FUEL DECAY CONSTANT 
. 
n 
Ai b) RESPONSE TO RAMP  CHANGE  IN FUEL  DECAY  CONSTANT 







0 1 2 3 4 5 




VARIATION OF FUEL LOADING  WITH  NEGATIVE  RAMP  CHANGES IN!FUEL DECAY 
CONSTANT  FOR DIFFERENT INITIAL VALUES  OF FUEL DECAY CONSTANT 
U-233 FUEL 





0 1 2 3 4 5 
TIME AFTER  FUEL  TIME  CONSTANT  CHANGE, (t - to) - SEC 
72 
FIG. 19 
VARIATION OF POWER LEVEL WITH NEGATIVE RAMP CHANGES IN FUEL 
DECAY  CONSTANT  FOR DIFFERENT PROMPT  NEUTRON LIFETIMES AND 
-FOR  DIFFERENT INITIAL VALUES  OF FUEL DECAY  CONSTANT 
U-233 FUEL 
DELAYED  NEUTRON  FRACTION, p = 0.0025 
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GAIN AND PHASE  DIAGRAMS  FOR  ESPONSE OF NEUTRON LEVEL 
TO  SMALL  SINUSOIDAL  OSCILLATIONS IN REACTIVITY 
U-233 FUEL 
PROMPT  NEUTRON  LIFETIME, P’ = 0.0005 SEC 
DELAYED  NEUTRON  FRACTION, p = 0.0025 
10” 2 5 100 2 5 10’ 2 5 102 2 5 103 ? 





GAIN AND PHASE  DIAGRAMS  FOR  ESPONSE OF NEUTRON  LEVEL 
TO  SMALL  SINUSOIDAL  OSCILLATIONS'IN  FUEL DECAY CONSTANT 
U-233 FUEL 
PROMPT  NEUTRON  LIFETIME,lf = 0.0005 SEC 




10" 2 5 1 00 2 5 10' 2 5 102 2 
FREQUENCY, o - RADIANS/SEC 













ENERGY  RELEASED  BY  NEUTRONS, GAMMA RAYS, BETA  PARTICLES, 
FIG. 22 
AND  FISSION  FRAGMENTS AS A FUNCTION OF TIME.  AFTER 
FISSION  OF  U-233 
" 
0 10 20 30 40 50 
" 
60 70 03 
TIME AFTER FISSION, t - SEC 
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